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ABSTRACT	  
Conformational	  Diversity	  of	  Cytochrome	  c	  on	  Cardiolipin	  –	  Containing	  Liposomes	  
Probed	  by	  Optical	  Spectroscopy	  Leah	  Angelina	  Pandiscia	  Prof.	  Reinhard	  Schweitzer-­‐Stenner	  	  	  	  	  For	   over	   60	   years,	   cytochrome	   c	   has	   served	   as	   a	   model	   system	   for	   protein	   folding	   and	  electron	  transfer	  studies.	  In	  spite	  of	  adopting	  a	  rather	  rigid	  structure	  around	  its	  prosthetic	  heme	  group,	  it	  is	  rather	  diverse	  with	  regard	  to	  its	  function	  and	  structural	  variability.	  On	  the	  surface	  of	  the	  inner	  membrane	  of	  mitochondria,	  cytochrome	  c,	  in	  its	  native	  state,	  is	  involved	  in	  the	  electron	  transport	  chain	  where	  it	  shuttles	  electrons	  between	  cytochrome	  c	  reductase	  and	   cytochrome	   c	   oxidase	   to	   facilitate	   the	   production	   of	   adenosine	   triphosphate	   (ATP).	  Recently,	  cytochrome	  c	  has	  been	  identified	  as	  a	  trigger	  of	  mitochondrial	  apoptosis.	  To	  this	  end,	   the	   protein	  must	   dissociate	   from	   the	   inner	  mitochondrial	  membrane	   in	   order	   to	   be	  released	   into	   the	   cytosol	  where	   it	   binds	   to	   apoptotic	   complexes.	   In	   order	   to	   perform	   this	  task	  the	  protein	  must	  first	  gain	  peroxidase	  activity	  in	  order	  to	  trigger	  the	  apoptotic	  pathway	  which	   requires	   a	   conformational	   transition.	   	   To	   explore	   the	   conformational	  manifold	   that	  cytochrome	   c	   can	   adopt	   on	   membrane	   surfaces	   that	   allows	   the	   protein	   to	   function	   as	  electron	  carrier	  and	  as	  peroxidase,	  we	  combined	  absorption,	  visible	  circular	  dichroism	  and	  fluorescence	  spectroscopy	  to	  probe	  the	  response	  of	  specific	  structural	  regions	  of	  the	  protein	  to	  the	  protein’s	  binding	  to	  cardiolipin-­‐containing	  liposomes.	  The	  latter	  have	  served	  as	  ideal	  model	  systems	   to	   investigate	   the	  various	  modes	  of	   interaction	  between	  cytochrome	  c	   and	  the	  inner	  mitochondrial	  membrane.	  The	  binding	  of	  cytochrome	  c	   to	  cardiolipin-­‐containing	  liposomes	  was	   examined	   as	   a	   function	   of	   cardiolipin	   (CL)/phosphocholine	   (PC)	  mixtures,	  cardiolipin	   concentration	  and	   the	   concentration	  of	  NaCl,	  which	  has	   the	   capacity	   to	   inhibit	  binding	  governed	  by	  electrostatic	  interactions.	  It	  was	  the	  purpose	  of	  these	  studies	  to	  obtain	  
	  	  
xvii	  a	  thorough	  thermodynamic	  and	  spectroscopic	  characterization	  of	  cytochrome	  c	  binding	  to	  cardiolipin-­‐containing	   liposomes	   at	   conditions	  which,	   in	   terms	   of	   cardiolipin	   fraction	   and	  salt	   concentration,	   bear	   some	   similarity	   to	   what	   the	   protein	   encounters	   on	   the	   inner	  membrane	  of	   the	  mitochondria.	   From	  our	  experimental	  data	   sets,	  we	  were	  able	   to	  model	  our	  system,	  described	  by	  the	  coexistence	  of	  two	  conformations:	  one	  that	  is	  unfolded	  and	  has	  a	  high	  fluorescence	  yield	  while	  the	  other	  is	  very	  native-­‐like	  but	  not	  identical	  to	  native	  state.	  Here,	  the	  M80	  is	  still	  ligated	  and	  the	  protein	  has	  an	  intact	  heme	  pocket.	  Only	  the	  later	  state	  can	  perform	  electron	  transfer.	  The	  former	  state	  could	  be	  candidate	  for	  peroxidase	  activity.	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1	    
CHAPTER	  1.	  INTRODUCTION	  
	  
1.1	  FOLDED	  PROTEINS	  ARE	  NO	  LONGER	  SOLELY	  RESPONSIBLE	  FOR	  PROTEIN	  
FUNCTION	  For	  the	  past	  20	  years,	  the	  structural	  biology	  community’s	  central	  dogma	  “structure	  dictates	  function”	   has	   been	   under	   increasing	   scrutiny.	   While	   there	   is	   an	   obvious	   relationship	  between	   protein	   structure	   and	   function,	   the	   theory	   that	   a	   protein	   can	   only	   function	   if	   it	  adopts	  a	  folded	  conformation	  with	  well-­‐defined	  secondary	  and	  tertiary	  structure	  elements	  as	  encoded	   in	  a	  protein’s	  genome	  can	  no	   longer	  be	  assumed	   to	  comprehensively	  describe	  biological	   reality.	   The	   structure-­‐function	   relationship	   has	   recently	   being	   revisited	   due	   to	  two	   findings:	   (1)	   the	   recent	   observation	   of	   intrinsically	   disordered	   proteins	   that	   are	  involved	  in	  very	  critical	  biological	  processes	  such	  as	  transcriptional	  regulation,	  replication,	  and	   cellular	   transduction1,	   and	   (2)	   the	   realization	   that	   partially	   unfolded	   proteins	   also	  perform	  a	  specific	  function,	  such	  as	  inhibiting	  or	  regulating	  cell	  cycles.2	  	  	  One	   protein	   in	   particular,	   cytochrome	   c,	   has	   emerged	   as	   a	  multifaceted	   biomolecule	   that	  performs	   a	   different	   function	   in	   its	   fully	   folded	   state	   than	   it	   does	   in	   its	   partially	   folded	  states.	  Fully	   folded	   (so	   called	  native)	   cytochrome	  c	   shuttles	  electrons	   from	  Complex	   III	   to	  Complex	   IV	   in	   the	   electron	   transport	   chain.	   Recently,	   however,	   cytochrome	   c	   has	   been	  implicated	  in	  triggering	  apoptosis,	  to	  which	  end	  it	  must	  adopt	  an	  only	  partially	  folded	  state,	  since	   the	   initial	   step	   of	   the	   rather	   complex	   underlying	   biochemical	   cascade	   involves	  peroxidase	  activity	   aimed	  at	  oxidizing	  phospholipids	   in	   the	   inner	  and	  outer	  membrane	  of	  the	  mitochondria.	   Moreover,	   cytochrome	   c	   has	   been	   found	   to	   function	   as	   a	   scavenger	   of	  
	  	  
2	  reactive	  oxygen	  species3	  and	  to	  be	  involved	  in	  the	  self-­‐aggregation	  of	  α-­‐synuclein,	  a	  process	  implicated	  as	  leading	  to	  Parkinson’s	  disease.4	  	  This	  introduction	  will	   focus	  on	  the	  early	  theories	  of	  protein	  folding	  in	  general,	   folding	  and	  unfolding	  induced	  by	  the	  membrane	  surface,	  and	  partially	  folded	  proteins	  in	  solution.	  I	  will	  then	  go	  on	  to	  discuss	  structures	  of	  cytochrome	  c’s	  native	  and	  non-­‐native	  conformation	  and	  their	  respective	  functional	  properties.	  	  After	  providing	  a	  comprehensive	  account	  of	  the	  history	  of	  research	  on	  protein	  folding	  and	  unfolding	  in	  general	  and	  the	  structure	  and	  function	  of	  cytochrome	  c	  in	  particular,	  this	  thesis	  will	   present	   a	   characterization	   of	   native-­‐like	   and	   non-­‐native	   states	   of	   cytochrome	  on	  liposomal	  surfaces	   that	  mimic	  properties	  of	   the	   inner	  mitochondrial	  membrane	  (IMM).	  This	   characterization	   will	   provide	   the	   basis	   of	   any	   theory	   aimed	   at	   delineating	   the	  conformational	   manifold	   the	   protein	   must	   adopt	   on	   the	   inner	   membrane	   surface	   of	   the	  mitochondria	  in	  order	  to	  function	  as	  both	  an	  electron	  carrier	  and	  a	  peroxidase.	  	  	  
1.2	  FOLDING	  AND	  UNFOLDING	  
1.2.1	  Early	  Protein	  Folding	  Studies	  Proteins	   are	   the	   biological	   workhorses	   for	   cellular	   function.	   Behind	   every	   living	   species’	  actions,	  whether	   it	   is	   the	   intake	  of	  oxygen	  or	  elimination	  of	  waste,	  proteins	  are	  needed	  to	  function	  in	  order	  for	  biological	  processes	  to	  occur.	  For	  over	  50	  years,	  it	  was	  assumed	  that	  in	  order	   for	   proteins	   to	   function	   properly,	   they	   had	   to	   fold	   into	   a	   native,	   three-­‐dimensional	  
	  	  
3	  structure.	   But	  what	   drives	   a	   protein	   to	   fold	   and	  what	   governs	   the	   specific	   structure	   they	  must	  obtain?	  	  While	  there	  are	  over	  100,000	  proteins	  in	  the	  human	  body,	  only	  20	  amino	  acids	  are	  available	  to	   build	   this	  multitude.5	  While	   every	   amino	   acid	   has	   a	   backbone	   that	   is	   composed	   of	   an	  amino	  group,	   a	   carboxyl	   group,	   and	  a	  hydrogen	  atom,	   each	  one	  has	  a	  different	   side	   chain	  residue	   that	   specifically	   affects	   the	   overall	   protein	   structure.	   For	   example,	   like-­‐charged	  residues	  repel	  one	  another,	  leading	  to	  disordered	  conformations	  with	  lesser	  secondary	  and	  more	  open	  tertiary	  structure,	  while	  hydrophobic	  residues	  produce	  more	  compact	  structure	  by	  tending	  to	  move	  into	  the	  protein,	  thus	  avoiding	  solution.	  The	  conformation	  composed	  of	  a	   secondary	   and	   final	   three-­‐	   dimensional	   tertiary	   structure	   is	   referred	   to	   as	   the	  protein’s	  native	  state	  and	  can	  be	  unfolded	  by	  denaturants,	  such	  as	  urea,	  through	  binding	  reactions,	  or	  by	  changing	  the	  temperature	  or	  pH.	  	  	  The	   idea	   that	   structure	   dictates	   function	   began	   with	   Christian	   Anfinsen’s	   Nobel	   prize-­‐winning	  experiments	  on	  ribonuclease	  A	  refolding	  in	  the	  1960’s.	  	  His	  experiment,	  depicted	  in	  Figure	  1.1,	  showed	  that	  the	  denaturation	  of	  ribonuclease	  A,	  which	  leads	  to	  the	  breakage	  of	  four	   disulfide	   bonds	   and	   disruption	   of	   the	   protein’s	   tertiary	   structure,	   is	   a	   reversible	  process.	  To	  do	   this,	  Anfinsen	  and	  colleagues	   first	   reduced	   the	   thiol	  groups	  of	   the	  cysteine	  residues	   and	   subsequently	   added	   urea	   to	   unfold	   the	   protein.	   They	   then	   reversed	   the	  process	   and	   were	   able	   to	   switch	   the	   protein	   back	   to	   its	   native	   state.6	   The	   spontaneous	  refolding	  of	  ribonuclease	  A	  led	  Anfinsen	  to	  conclude	  that	  all	  the	  information	  required	  for	  a	  protein	  to	  fold	  was	  encoded	  in	  the	  primary	  structure	  of	  a	  protein’s	  amino	  acid	  sequence	  in	  a	  given	  environment.	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Figure	  1.1.	  The	  reversible	  denaturation	  process	  of	  ribonuclease	  A	  through	  the	  use	  of	  urea	  and	  mercapto-­‐ethanol.7	  	  	  
	  
	  
	  However,	   if	   this	  were	   true,	  due	   to	   the	   large	  number	  of	  degrees	  of	   freedom	  in	  an	  unfolded	  polypeptide	  chain,	  a	  molecule	  would	  have	  an	  infinite	  number	  of	  possible	  conformations	  and	  would	  never	  overcome	  the	  necessary	  diffusive	  walk	  in	  the	  energy	  landscape	  in	  order	  to	  find	  its	  native,	  folded	  state.	  The	  local	  conformation	  and	  secondary	  structure	  of	  a	  protein	  can	  be	  defined	  by	  the	  orientation	  of	  the	  two	  backbone	  dihedral	  angles,	  φ	  and	  ψ.	  If	  each	  chain	  could	  adopt	   at	   least	   three	   isoenergetic	   conformations,	   then	   a	   protein	   with	   104	   amino	   acid	  residues	   could	   sample	  3104	   possible	   conformations.	  This	   sampling	   time	  would	   take	   longer	  than	   the	   age	   of	   the	   universe	   to	   arrive	   at	   its	   native	   conformation	   from	   a	   totally	   unfolded	  state;	   yet	   some	   small	   proteins	   and	   foldable	   peptides	   find	   their	   native	   states	   on	   a	  microsecond	   or	   even	   sub-­‐microsecond	   timescale.	   In	   1969	   Cyrus	   Levinthal	   suggested	   that	  instead	   of	   a	   random	   sampling	   of	   all	   possible	   conformations,	   proteins	   follow	   a	   sequential	  energy	  pathway,	  which	   is	   guided	  by	   local	   interactions	   that	   allow	   the	  protein	   to	  obtain	   its	  native	   state	   at	   a	   free	   energy	   minimum.8	   Additionally,	   hydrophobic	   interactions	   can	  contribute	   to	   the	   folding	   process	   of	   proteins.	   The	   stability	   of	   most	   globular	   proteins	   is	  dependent	   on	   the	   packing	   of	   the	   protein.	   In	   1959,	   Kauzmann	   suggested	   that	   the	   major	  driving	   force	   behind	   protein	   folding	   was	   due	   to	   the	   hydrophobic	   effect.	   Here,	   the	  
	  	  
5	  hydrophobic	  effect	  decreased	  the	  number	  of	  unfavorable	  contacts	  between	  the	  hydrophobic	  protein	   residues	   and	  water	  molecules,	   providing	   a	   large	   entropic	   contribution	   to	   protein	  stability.9	  	  In	   the	  1990’s,	   after	  numerous	   studies	  were	  carried	  out	   to	  ultimately	   solve	   the	  paradox	  of	  protein	  folding,	  a	  ‘new	  view’	  of	  protein	  folding	  finally	  began	  to	  emerge	  in	  the	  form	  of	  a	  free	  energy	   protein	   landscape.	   Energy	   landscapes	   evolved	   from	   the	   idea	   that	   protein	   folding	  does	  not	  involve	  a	  random	  sequence	  of	  conformational	  changes	  but	  are	  facilitated	  by	  events	  that	   effectively	   minimize	   conformational	   entropy	   and	   thus	   the	   Gibbs	   free	   energy	   of	   the	  protein.	  This	  includes	  the	  hydrophobic	  effect,	  hydrogen	  bonding,	  electrostatic	  interactions,	  and	  the	  development	  of	  local	  order	  that	  reduces	  the	  conformational	  entropy	  of	  the	  protein	  backbone	   and	   side	   chains	   alike.	   If	   a	   denatured	   state	   of	   a	   protein	   is	   an	   ensemble	   of	  conformations10,	   then	   there	   must	   be	   numerous	   energy	   minima	   in	   a	   folding	   landscape.	  Onuchic	  and	  Wolynes	  described	  the	  energy	  funnel	  as	  an	  ensemble	  of	  conformational	  states	  with	   the	   absolute	   minimum	   representing	   the	   completely	   folded	   state	   of	   the	   protein,	   as	  depicted	  in	  Figure	  1.2.	  As	  proteins	  start	  the	  folding	  process	  in	  their	  unfolded	  state	  at	  the	  top	  of	   this	   folding	   funnel,	   they	   make	   favorable	   non-­‐local	   contacts	   owing	   to	   hydrophobic	  interactions	   and	   H-­‐bonding,	   reducing	   the	   conformational	   entropy	   and	   making	   their	   way	  down	   the	   funnel	   to	   the	   final	   free	   energy	  minimum.	   	   However,	   owing	   to	   the	   existence	   of	  multiple	   non-­‐absolute	   minima	   these	   energy	   funnels	   are	   considered	   rugged	   rather	   than	  smooth,	  allowing	  for	  the	  protein	  to	  make	  non-­‐native	  contacts	  and	  get	  stuck	  in	  small	  energy	  traps.	  Some	  of	  these	  traps	  have	  an	  energy	  barrier	  that	  the	  protein	  cannot	  overcome	  on	  the	  time	   scale	   of	   normal	   folding	   processes,	   while	   others	   are	   considered	   kinetic	   intermediate	  states	  that	  the	  protein	  acquires	  on	  its	  way	  to	  its	  native	  state.11	  The	  proteins	  that	  are	  not	  able	  to	   overcome	   the	   energy	   barrier	   of	   the	   traps	   are	   considered	   misfolded	   proteins,	   whose	  
	  	  
6	  structural	  changes	  impede	  their	  ability	  to	  carry	  out	  their	  normal	  functions.	  These	  misfolded	  proteins	  can	  aggregate	  into	  amorphous	  and	  fibrillar	  aggregates,	  since	  they	  are	  typically	  less	  compact	   than	   folded	   proteins	   and	   therefore	   their	   hydrophobic	   residues	   are	   prone	   to	  interactions	  with	  solvent.12	  	  	  	  
	  
Figure	   1.2.	   The	   rugged	   protein	   folding	   funnel	   depicting	   various	   folding	   pathways	   and	  energy	  traps.13	  	  	  	  
1.2.2	  Membrane	  Driven	  Protein	  Folding	  and	  Unfolding	  While	  some	  proteins,	  such	  as	  non-­‐enzymes,	  do	  not	  require	  a	  structural	  change	  in	  order	  to	  perform	   their	   function,	   other	   proteins	   rely	   on	   environmental	   factors	   to	   induce	   structural	  changes.	   One	   of	   the	   main	   protein-­‐structure	   modifying	   elements	   of	   the	   living	   cell	   is	   the	  membrane	   surface.	   Its	   specific	   interaction	  with	   a	   protein	   induces	   structural	   changes	   that	  can	   therefore	   alter	   the	   traditional	   function	   of	   the	   protein.14	   In	   order	   to	   describe	   the	  
	  	  
7	  conformation	   changes	   induced	   by	   the	   membrane	   surface,	   we	   must	   first	   discuss	   what	   a	  membrane	  surface	  is.	  	  
1.2.2.1	  Membrane	  Structure.	  Biological	  membranes	  are	  composed	  of	  variety	  of	  lipids	  which	  organize	  to	  form	  bilayers	  or	  non-­‐bilayers,	  which	  depend	  on	  the	  overall	  shape,	  structure	  and	  chemistry	  of	  the	  involved	  lipids	  as	  well	  as	  the	  lipid	  environment.	  Each	  lipid	  is	  composed	  of	  a	  hydrophobic	  acyl	  chain	  and	  	  a	  hydrophilic	  headgroup,	  the	  latter	  being	  prone	  to	  noncovalent	  bonding	   	   interactions	  with	   peripheral	  membrane	   proteins.15	   A	   lipid	   bilayer	   is	   a	   stratified	  lamellar	  structure	  with	  a	  hydrophobic	  core	  and	  is	  made	  up	  of	  lipid	  tails.	  Each	  lipid	  assumes	  an	  overall	  cylindrical	  shape,	  owing	  to	  the	  fact	  that	  the	  cross-­‐sectional	  area	  of	  the	  headgroup	  approximately	   equals	   the	   cross-­‐sectional	   area	   of	   the	   acyl	   chains	   as	   in	   the	   case	   of	  phosphatidylcholine	   (PC).	   	   However,	   non-­‐bilayers	   are	   produced	  when	   the	   cross-­‐sectional	  area	  of	   the	  headgroup	   is	   either	   larger	  or	   smaller	   than	   the	   cross-­‐sectional	   area	  of	   the	   acyl	  chains,	  as	  seen	  in	  Figure	  1.3.	  If	  the	  headgroup	  area	  is	  larger,	  lipid	  aggregates	  with	  positive	  curvatures	  will	  form,	  such	  as	  micelles.16	  If	  the	  headgroup	  area	  is	  smaller	  than	  the	  acyl	  chain	  area,	  aggregate	  structures	  with	  negative	  curvature	  are	  favored	  like	  the	  inverted	  hexagonal	  phase	   (HII).	   The	   HII	   phase	   requires	   the	   extension	   of	   two	   acyl	   chains	   imbedded	   in	   two	  opposing	  bilayers	  while	  the	  headgroup	  remains	  in	  the	  interface.	  This	  arrangement	  relieves	  packing	  constraints	  due	  to	  the	  size	  of	  the	  hydrophilic	  and	  hydrophobic	  components	  of	  the	  phospholipid.17	  These	  structures	  are	  illustrated	  in	  Figure	  1.3.	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Figure	  1.3.	  Individual	  lipid	  molecules	  and	  their	  associated	  curvature	  when	  placed	  in	  bulk	  in	  membranes.18	  	  	  	  Membranes	  were	  originally	  thought	  to	  adopt	  Singer’s	  fluid	  membrane	  mosaic	  model	  which	  describes	   the	  membrane	  as	  dynamic	  entities,	   capable	  of	   free	   lateral	  motion	  and	  exchange	  with	   bulk	   lipids	   throughout	   the	   membrane	   itself.19	   However,	   subsequent	   studies	   have	  shown	   that	   this	   free	   movement	   throughout	   the	   membrane	   is	   not	   necessarily	   random.	  Instead,	   the	   membrane	   interactions	   with	   proteins	   cause	   non-­‐random,	   cooperative	  distributions	   in	   lipid	   composition	   across	   the	  membrane	   and	   sometimes	   reform	   into	   lipid	  domains.20	  Membrane	   function	   is	  dictated	  by	   its	  chemical	  composition,	  physical	  state,	  and	  the	   mode	   by	   which	   its	   lipid	   components	   organize.	   The	   chemical	   composition	   of	   the	  membrane	  can	  influence	  surface	  curvature,	  phase	  transition	  behavior,	  dipole	  potential,	  and	  elasticity	   of	   the	   membrane	   while	   the	   physical	   state	   is	   dependent	   on	   temperature	   and	  membrane	   potential.	   Both	   the	   chemical	   composition	   and	   physical	   state	   of	   the	  membrane	  determine	   how	   the	   membrane	   components	   will	   organize,	   which	   is	   directly	   affected	   by	  interactions	  with	   external	   forces	   (i.e.	   ligands,	   peptides,	   proteins).	   Early	   literature	   studies	  show	   the	   reformation	   of	   lipid	   domains	   induced	   by	   peptide	   binding.	   Hartmann	   and	   Galla	  studied	  the	  interactions	  between	  external	  charges	  (polylysine)	  and	  charged	  lipids	  via	  EPR,	  optical,	   and	   microscopy	   measurements.	   Their	   data	   showed	   that	   not	   only	   did	   binding	   of	  polylysine	  to	  charged	  lipid	  membranes	  induce	  a	  change	  in	  the	  peptide	  conformation,	  but	  the	  addition	  of	  external	  charges	  produced	  a	  phase	  separation	  that	  leads	  to	  the	  curvature	  of	  the	  lipid	  membrane	  surface.21	  	  
	  	  
9	  	  Surface	   curvature	   and	   lateral	   pressure	   are	   two	   stimuli	   that	   can	   facilitate	   the	   binding	   of	  proteins	   to	   membrane	   surfaces	   and	   to	   some	   extent	   also	   their	   (partial)	   unfolding.	  Particularly	   prominent	   in	   non-­‐bilayer	   lipids	   due	   to	   the	   already	   present	   curvature	   of	   the	  lipids,	  curvature	  stress	  can	  lead	  to	  protein	  insertion	  into	  the	  membrane.22,23	  The	  membrane	  can	  lower	  its	  interaction	  energy	  by	  reorienting	  itself	  and	  changing	  the	  local	  curvature.	  The	  initial	  crowding	  of	  lipids	  around	  the	  protein	  is	  dictated	  by	  electrostatic	  interactions.	  Surface	  curvature	   stress	   can	   also	   be	   increased	   by	   decreasing	   the	   size	   of	   a	   lipid	   headgroup	   or	  increasing	  the	  size	  of	  acyl	  chain	  saturation,	  both	  of	  which	  are	  correlated	  with	  an	  increasing	  lateral	  pressure	  of	  the	  membrane.24	  Lateral	  pressure	  is	  the	  result	  of	  the	  surface	  adjusting	  its	  molecular	  area	  in	  order	  to	  minimize	  its	  free	  energy.25,26	  A	  free	  energy	  minimum	  is	  obtained	  from	  a	   balance	  between	   a	   large	  negative	   pressure	   created	  by	   the	   tension	   at	   the	   interface	  between	   the	   headgroups	   and	   acyl	   chains	   and	   a	   positive	   pressure	   created	   by	   the	  conformational	  entropy	  of	  the	  acyl	  chain	  as	  they	  spread	  out	  to	  occupy	  more	  volume.	  While	  the	   interfacial	   free	   energy	   depends	   on	   contact	   of	   the	   hydrophobic/hydrophilic	   interfaces,	  the	   chain	   conformational	   contribution	   to	   the	   pressure	   depends	   on	   molecular	   area.	   At	   a	  small	   molecular	   area	   where	   the	   acyl	   chains	   are	   ordered	   and	   entropy	   is	   low	   the	   lateral	  pressure	   is	   large,	   while	   in	   larger	   molecular	   areas	   when	   the	   chains	   are	   disordered,	   the	  change	   in	   entropy	   upon	   lateral	   expansion	   is	   much	   smaller.	   Upon	   lateral	   expansion,	   the	  volume	   occupied	   by	   the	   lipids	   changes	   very	   little,	   but	   the	   bilayer	   thins	   as	   it	   expands	  laterally.	  The	  acyl	  chains	  become	  increasingly	  more	  disordered	  and	  are	  able	  to	  sample	  more	  of	  their	  conformational	  states,	  while	  occupying	  the	  space	  in	  the	  bilayer	  interior	  at	  a	  roughly	  constant	  bulk	  density.	   	  The	   coupling	  of	   these	   two	  effects	   can	   create	   insertion	   sites	  on	   the	  membrane	   surface,	   as	   shown	   in	   Figure	   1.4.	   The	   sites	   reduce	   the	   packing	   density	   in	   the	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  headgroup	  region,	  which	  lowers	  the	  lateral	  pressure	  at	  the	  headgroup	  and	  opens	  up	  space	  for	  protein	  insertion.	  	  	  	  	  	  
	  
Figure	   1.4.	  Membrane	   curvature	   induced	   by	   (top)	   lipid	   domains	   and	   (bottom)	   protein	  insertion	  into	  the	  membrane	  itself.27	  	  	  	  
1.2.2.2	  Membrane	  Induced	  Folding.	  There	  are	  many	  cellular	  processes	  that	  involve	  a	  protein	  that	  is	  intrinsically	  unfolded	  in	  its	  solution	  state	  and	  undergoes	  folding	  upon	  binding	  to	  its	  target.	  This	  class	  of	  proteins	  is	  known	  as	  intrinsically	  disordered	  proteins	  (IDPs)	  and	  lacks	  an	  ordered	  three-­‐dimensional	  structure	  in	  its	  native	  state.	  One	  such	  protein	  is	  α-­‐synuclein.	  α-­‐Synuclein	   is	   a	   140	   residue	   protein	   that	   is	   both	   soluble	   and	   membrane-­‐associated	   in	  regions	  of	   the	  brain.28	   Its	   implications	   in	  Parkinson’s	  disease,	  where	   it	   forms	  β-­‐sheet	   rich	  amyloid	   fibrils,29	   has	   made	   this	   protein	   and	   its	   interactions	   with	   membranes	   a	   popular	  research	   focus.	   In	   its	  native	   state,	  α-­‐synuclein	   is	  unfolded,	  however,	   in	   vitro	  studies	   show	  that	  upon	  binding	   to	  anionic	  phospholipids	  or	  detergent	  micelles,	   the	  protein	  can	  adopt	  a	  variety	   of	   conformations	   dependent	   on	   the	   environmental	   conditions	   and	   cofactors.30–32	  
	  	  
11	  NMR	   studies	   show	   that	   the	   N-­‐terminal	   of	   the	   protein,	   which	   is	   unfolded	   under	   normal	  folding	   conditions,	   forms	   a	   highly	   α-­‐helical	   structure	   when	   bound	   to	  membrane-­‐mimetic	  sodium	  dodecyl	   sulfate	   (SDS)	  micelles.33	  Upon	   increasing	   the	  detergent	  concentration,	   the	  protein	  adopts	  a	  broken	  helical	  structure,	  composed	  of	  two	  helical	  segments	  and	  stabilized	  by	   a	   linker	   region.32	   The	   C-­‐terminus,	   which	   adopts	   a	   helical	   structure	   under	   folding	  conditions,	   was	   shown	   to	   exhibit	   long-­‐range	   interactions,	   resulting	   in	   the	   formation	   of	  hydrophobic	  clusters	  that	  then	  leads	  to	  α-­‐synuclein	  oligomerization	  and	  aggregation.34,35	  	  	  Many	   IDPs	   are	   also	   capable	   of	   adopting	   different	   structures	   depending	   on	   the	   binding	  target.	   Hypoxia-­‐inducible	   factor-­‐1α	   (HIFIα)	   is	   a	   transcription	   protein	   involved	   in	   cellular	  response	   processes	   of	   hypoxia.	   While	   the	   majority	   of	   the	   protein	   has	   a	   helix-­‐loop-­‐helix	  structure,	   its	   C-­‐terminal,	   transcription-­‐active	   domain	   is	   unstructured	   in	   solution.	   Upon	  binding	  to	  cyclic-­‐AMP-­‐response-­‐element-­‐binding	  protein	  (CREB)-­‐binding	  protein	  (CBP)	  the	  C-­‐terminal	   domain	   folds	   into	   three	   short	   helices.	   However,	   when	   binding	   to	   asparagine	  hydroxylase	  FIH	  the	  same	  HIFIα	  domain	  adopts	  an	  extended	  structure.36	  	  	  
1.2.2.3	   Membrane	   Induced	   Unfolding.	   The	   membrane	   surface	   is	   also	   capable	   of	   inducing	  unfolding	  of	  proteins	  to	  facilitate	  cellular	  processes.	  Ricin	  is	  a	  cytotoxin	  composed	  of	  a	  RNA	  
N-­‐glycosidase	  A-­‐chain	   (RTA)	  disulfide-­‐bonding	   to	   a	   cell-­‐binding	  β-­‐chain	   (RTB).	   Inside	   the	  endoplasmic	   reticulum	   (ER)	   of	   the	   cell,	   the	   disulfide	   bond	   linking	   the	   RTA	   and	   RTB	   is	  cleaved.	   The	   RTA	   can	   then	   translocate	   into	   the	   cytosol	   where	   it	   catalytically	   inactivates	  ribosomes	  and	  inhibits	  the	  production	  of	  protein	  synthesis,	  leading	  to	  cellular	  degradation.	  However,	   in	   order	   to	   relocate	   to	   the	   cytosol,	   the	   protein	  must	   be	   recognized	   by	   the	   ER-­‐associated	   protein	   degradation	   pathway	   (ERAD),	   which	   targets	   proteins	   that	   fail	   to	   fold	  
	  	  
12	  correctly	   in	   the	   ER.	   Fluorescence	   and	   circular	   dichroism	   studies	   have	   shown	   that	   RTA	  bound	  to	  negatively	  charged	  phospholipid	  membranes	  assumes	  an	  unfolded	  conformational	  state.	   Day	   and	   coworkers	   found	   that	   a	   hydrophobic	   patch	   on	   the	   protein	   binds	   to	   the	  membrane	  surface,	  significantly	  altering	  its	  secondary	  and	  tertiary	  structure,	  unfolding	  the	  RTA	  protein	  and	  allowing	  for	  recognition	  by	  the	  ERAD	  and	  translocation	  to	  the	  cytosol.37	  	  Transport	  proteins	  also	  rely	  on	  unfolding	  via	  the	  membrane	  surface	  to	  move	  loads	  through	  cells.	   Bile	   acids	   facilitate	   the	   movement	   of	   bile	   and	   internal	   absorption	   by	   transporting	  lipids,	   vitamins,	   and	   nutrients	   throughout	   the	   body.	   Bile	   acid	   binding	   proteins	   (BABP)	  participate	   in	   the	  uptake,	   transfer,	   and	   release	  of	   bile	   acids	   and	   require	   interactions	  with	  lipid	  membranes	   in	   order	   to	   carry	   out	   these	   tasks.	   Chicken	   liver	   BABP	   (L-­‐BABP)	   has	   an	  ordered	   native	   structure,	   composed	   of	   ten	   strand	   β-­‐barrel	   capped	   by	   a	   short	   helix-­‐loop-­‐helix	   region.	   Molecular	   dynamic	   simulations	   show	   that	   upon	   binding	   to	   anionic	  phospholipids	  mimic	  membranes,	   the	   stability	   of	   the	   secondary	   structure	  weakens,	  most	  noticeably	  in	  the	  β-­‐barrel	  strands.38	  
	  
1.2.3	  Partially	  Unfolded	  Proteins	  in	  Solution	  As	  mentioned	  previously,	  the	  pathway	  that	  a	  protein	  takes	  to	  arrive	  in	  its	  native	  folded	  state	  is	   most	   likely	   riddled	   with	   small	   energy	   traps	   and	   intermediates,	   some	   of	   which	   do	   not	  direct	  the	  protein	  towards	  its	   functional	  conformation.	  However,	  there	  is	  a	  productive	  on-­‐pathway	   folding	   intermediate	   that	   is	   partially	   unfolded	   and	   known	  as	   the	  molten	   globule	  state.	  This	  state	  is	  characterized	  as	  having	  a	  more	  extended	  structure	  than	  the	  native	  state	  but	   more	   compact	   than	   a	   statistical	   coil.	   The	   secondary	   structure	   retains	   a	   native-­‐like	  composition,	  with	  an	  increased	  radius	  of	  gyration	  of	  about	  10-­‐30%	  than	  that	  of	  the	  native	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  state.	  The	  tertiary	  structure	  of	  the	  protein	  lacks	  rigidity	  due	  to	  the	  tight	  packing	  of	  the	  side	  chain	  residues	  and	  the	  hydrophobic	  core	  is	  loosely	  packed	  which	  allows	  more	  accessibility	  of	  the	  protein	  surface	  to	  solvent.39	  	  	  	  
1.3	  CYTOCHROME	  C	  	  
1.3.1	  Structure	  of	  Native	  Cytochrome	  c	  	  Cytochrome	  c	  is	  a	  relatively	  small	  heme	  protein	  (~12	  kDa)	  that	  consists	  of	  104	  amino	  acid	  residues.	   It	   is	   a	   globular	   protein	   with	   an	   alpha-­‐helical	   fraction	   of	   40%,	   whose	   two	  main	  helical	   sections,	   the	   N-­‐	   and	   C-­‐terminal	   helices,	   non-­‐covalently	   interact	   and	   stabilize	   the	  native	  state	  of	  the	  protein.40	  A	  third,	  shorter	  helix	  segment	  (60’s	  helix)	  exists	  while	  the	  rest	  of	   the	  protein	   is	  mainly	  comprised	  of	   loop	  structures.	  One	  of	   the	   two	  main	   loop	  segments	  beginning	   at	   the	   N-­‐terminal	   helix	   includes	   H18	   and	   its	   imidazole	   residue,	   which	   is	   the	  proximal	   ligand	   of	   the	   heme	   iron.	  The	   second	   main	   loop	   segment	   contains	   M80,	   whose	  sulfur	  atom	  is	  the	  distal	   ligand	  of	  the	  heme	  iron.	  Two	  covalently	  bonded	  cysteine	  residues	  (C14	   and	   C17),	   which	   make	   up	   the	   heme’s	   CxyC	   motif,	   are	   linked	   to	   the	   heme	   iron	   via	  thioether	  bridges	  and	  are	  located	  between	  the	  H18	  residue	  and	  N-­‐terminal	  helix,	  as	  shown	  in	   Figure	   1.5.41	   The	   notation	   xy	   indicates	   different	   amino	   acid	   residues	   in	   different	  cytochrome	  c	  derivatives.	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Figure	  1.5.	  A	  cartoon	  drawing	  of	  native	  structure	  of	  horse	  heart	  cytochrome	  c	  bound	  to	  its	  M80	  and	  H18	  ligands.42	  The	  figure	  shows	  the	  respective	  positions	  of	  H33	  and	  H26	  which	  the	  protein	  can	  bind	  to	  under	  non-­‐native	  conditions,	  along	  with	  the	  W59	  which	  can	  be	  probed	  via	  fluorescence	  studies.	  The	  loops	  and	  helices	  depicted	  in	  color	  are	  foldon	  regions.43	  	  
  
 
 Cytochrome	  c’s	  functionality	  is	  mainly	  dictated	  by	  the	  non-­‐planar	  heme	  macrocycle	  (Figure	  1.6),	  which	  is	  buried	  in	  a	  hydrophobic	  pocket	  of	  the	  protein,	  formed	  by	  a	  polypeptide	  chain	  consisting	   of	   residues	   67-­‐71	   and	   82-­‐85.	   This	   non-­‐planarity	   is	   actually	   an	   out-­‐of-­‐plane	  ruffling	  of	  the	  heme	  group,	  produced	  by	  the	  interactions	  of	  the	  heme	  iron	  with	  the	  cysteine	  residues	  and	  axial	  ligands.44	  This	  ruffling	  deformation	  lowers	  the	  reduction	  potential	  of	  the	  heme.45	  In	  horse	  heart	  cytochrome	  c	  about	  7%	  of	  the	  heme’s	  surface	  is	  exposed	  to	  solvent.46	  Its	   functionality	   is	   regulated	   by	   the	   axial	   ligands	   of	   the	   heme	   iron,	   electron	   acceptor	   and	  donor	   availability,	   the	   electrostatic	   and	   the	   protein	   environment	   and	   covalent	   and	  noncovalent	   bonds	   between	  peripheral	   substituents	   of	   the	   heme	   and	  protein	   side	   chains.	  The	   symmetry	   of	   the	   macrocycle,	   which	   deviates	   substantially	   from	   ideal	   D4h,	   is	   mostly	  dictated	   by	   the	   orientation	   and	   proximity	   of	   the	   axial	   ligands,	   and	   structural	   constraints	  imposed	   by	   its	   covalent	   linkage	   to	   CxyC	   motifs.47,48Thus,	   the	   protein	   creates	   a	   rather	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  asymmetric	  and	  chiral	  environment	  that	  affects	  the	  electronic	  structure	  of	  the	  central	  metal	  and	  the	  porphyrin	  macrocycle	  alike.	  	  	  	  
	  
Figure	  1.6.	  Side	   (left)	   and	   top	   (right)	   views	  of	   cytochrome	   c’s	   heme	  group	  and	   its	  native	  state	  ligands,	  methionine	  	  and	  histidine.49	  	  	  	  Cytochrome	   c	   exhibits	   a	   high	   isoelectric	   point	   (10.0-­‐10.5)	   and	   consequently	   a	   large	   net	  charge	  of	  8e+	  at	  neutral	  pH;	  mostly	  due	  to	  the	  numerous	  lysine	  residues	  (19)	  located	  on	  the	  protein’s	  surface.	  Therefore,	  ionic	  strength	  plays	  a	  large	  role	  in	  the	  protein’s	  conformations.	  Sha	  and	  Schweitzer-­‐Stenner	  probed	  the	  Fe3+-­‐	  M80	  linkage	  via	  the	  695	  nm	  absorption	  band	  of	  cytochrome	  c	  and	  showed	  that	  changes	  in	  ionic	  strength	  induce	  slight	  alterations	  of	  the	  heme	   pocket	   by	   stabilizing	   a	   more	   compact,	   folded	   state.50	   By	   using	   small	   angle	   x-­‐ray	  scattering,	  Trewella	  and	  coworkers	  were	  also	  able	   to	  show	  that	   the	  radius	  of	  gyration	   for	  ferricytochrome	   c	   decreases	   with	   increasing	   ionic	   strength,	   inducing	   a	   more	   compact	  structure	  of	   the	  protein.51	   	  Liu	  et	  al.	   corroborated	   these	   findings	  via	  ultraviolet	   resonance	  Raman	   experiments.	   Their	   data	   elucidated	   structural	   sensitivity	   of	   two	   residues:	   	   (1)	   a	  weaker	  or	  lack	  of	  the	  internal	  tyrosine	  48’s	  	  hydrogen	  bonding	  capabilities	  and	  (2)	  a	  buried	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  and	  hydrogen	  bonded	  tryptophan	  59	  residue.52	  Not	  only	  do	  changes	  in	  ionic	  strength	  lead	  to	  modifications	  of	  the	  protein’s	  structure,	  but	  ions	  can	  also	  compete	  for	  binding	  sites	  on	  the	  protein,	  which	   can	   further	   cause	   obstructions	   in	   cytochrome	   c’s	   biological	   functions.	   The	  inhibition	  of	  cytochrome	  c	  binding	  to	  biological	  targets	  is	  one	  focus	  of	  this	  thesis	  and	  will	  be	  further	  discussed	  later	  on	  in	  the	  text.	  	  The	   folded	  protein	  can	  also	  exist	   in	   two	  states	  with	  an	  oxidized	  and	  a	   reduced	  heme	   iron	  state.	   Structurally	   both	   states	   are	   rather	   similar;	   the	   only	   difference	   is	   the	   propionic	   side	  chain	   region	   of	   the	   protein.53	   The	   reduction	   of	   the	   protein	   induces	   hydrogen	   bonding	  changes	  that	  make	  the	  protein	  interior	  slightly	  more	  accessible	  to	  solvent	  compared	  to	  the	  oxidized	   state.	   However,	   the	   stability	   of	   the	   states	   is	   very	   different.	   While	   the	   reduced	  protein,	   ferrocytochrome	   c,	   remains	   stable	   at	   extreme	  pH	   and	   requires	   temperature	   over	  100˚C	   to	   unfold,	   the	   weaker	   M80	   –	   Fe	   bond	   facilitates	   structural	   flexibility	   of	  ferricytochrome	  c,54	  which	  makes	  it	  easier	  for	  the	  protein	  to	  unfold.	  	   	  	  
1.3.2	  Folding	  and	  Unfolding	  in	  Solution	  In	  order	  to	  adequately	  describe	  the	  conformational	  states	  the	  protein	  adopts	  when	  binding	  to	  the	  membrane	  surface,	   it	   is	  necessary	  to	  first	  provide	  a	  reference	  set	  by	  delineating	  the	  manifold	  of	  non-­‐native	  structure	  cytochrome	  c	  can	  adopt	  	  	  in	  aqueous	  solution.	  In	  solution,	  the	   conformational	   state(s)	   of	   the	   protein	   is	   dependent	   on	   the	   solution	   environment,	   a	  factor	  that	  can	  be	  relatively	  well	  controlled	  in	  the	  laboratory.	  It	  is	  critical	  to	  understand	  the	  variety	  of	  states	  the	  protein	  can	  assume	  under	  the	  influence	  of	  a	  controlled	  environment.	  As	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  described	  previously,	   the	  membrane	  surface	   is	  a	  dynamic	  entity	   that	  must	  be	  regarded	  as	  such	  and	  therefore	  adds	  an	  additional	  element	  of	  complexity	  to	  the	  system	  under	  study.	  	  	  
1.3.2.1	  Unfolding	   at	  Acidic	   and	  Alkaline	   Conditions.	  Theorell	   and	  Åkesson	  were	   the	   first	   to	  describe	  five	  non-­‐native	  distinct	  protonation	  states	  of	  horse	  heart	  ferricytochrome	  c,	  whose	  occupations	  are	  dependent	  on	  the	  pH	  of	  the	  solution	  (Figure	  1.7).	  Later	  studies	  revealed	  the	  structural	  characteristics	  of	  these	  protonation	  states.	  State	  I	  is	  an	  unfolded,	  denatured	  state,	  which	  is	  populated	  at	  acidic	  pH	  (<2).	  The	  protein	  was	  found	  to	  be	  a	  statistical	  coil	  at	  low	  ion	  concentration	  and	  a	  molten	  globule	  at	  high	   ion	  concentrations	  (also	   termed	  state	  A	   in	   the	  literature).	   In	   state	   II,	   the	   protein	   is	   partially	   unfolded	   at	   pH	   2-­‐3	   and	   has	   been	   found	   to	  coexist	   in	   at	   least	   three	   different	   ligation	   and	   spin	   states.	   The	   dominant	   form	   is	   a	  hexacoordinated	   low	   spin	   species	   which	   is	   ligated	   to	   two	   histidines	   (H18	   and	   H33).55–57	  Another	   hexacoordinated	   high	   spin	   state	   comprises	   the	   axial	   H18	   ligand	  with	  water	   as	   a	  likely	  candidate	  in	  the	  distal	  position.58	  The	  pentacoordinated	  high	  spin	  species	  includes	  the	  intact	   axial	   H18	   ligand.59	   In	   state	   III	   the	   protein’s	   heme	   iron	   is	   in	   a	   low	   spin,	  hexacoordinated	  state	  owing	  to	  the	  occupation	  of	  the	  sixth	  coordination	  place	  by	  the	  sulfur	  of	   the	   Met80.	   This	   state	   is	   considered	   as	   the	   fully	   folded,	   native	   state,	   which	   is	  predominantly	  populated	  at	  pH	  values	  between	   ca.	   4.5	   and	  8.5	   at	   room	   temperature.60	   In	  yeast	  cytochrome	  c,	  the	  transition	  from	  state	  III	  to	  IV	  replaces	  the	  Met80	  by	  a	  lysine	  residue	  (K79	  or	  K73)	  and	  is	  more	  flexible	  than	  the	  native	  state.	  Three	  IV	  states	  currently	  coexist	  in	  horse	  heart	  cytochrome	  c	  while	  two	  coexist	  in	  yeast.61	  With	  the	  exception	  of	  state	  I	  (1),	  in	  all	  other	  states	  the	  heme	  remains	  coordinated	  to	  proximal	  histidine	  18	  (H18).	  State	  V	  becomes	  populated	  under	  more	   alkaline	   conditions	   (>	   pH	  11)	   and	   it	   is	   also	   partially	   unfolded	   and	  with	   its	   heme	   iron	   being	   hexacoordinated	   to	  His	   18	   and	   a	  water	  molecule,	   depending	   on	  solution	  conditions.62	  These	  conformation	  states	  can	  be	  seen	  in	  Figure	  1.7.	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Figure	  1.7.	  Native	  and	  non-­‐native	  states	  of	  cytochrome	  c	  and	  the	  heme	  Fe(III)’s	  respective	  distal	  and	  axial	  ligands	  at	  pHs	  1	  to	  14.	  	  	  	  	  Another	  misligated	  state	  of	  oxidized	  cytochrome	  c	  (termed	  B2HH)	  was	  later	  discovered.	  In	  this	  state,	  a	  histidine	  ligand	  replaces	  the	  methionine	  ligand	  bound	  to	  the	  heme	  iron.	  B2HH	  is	  partially	  unfolded	  via	  denaturing	  conditions,	  such	  as	  4	  to	  6M	  guanidine	  chloride,	  at	  neutral	  pH.	  In	  the	  presence	  of	  this	  denaturant,	  the	  M80	  ligand	  is	  replaced	  by	  H33	  and	  the	  complex	  forms	  a	  hexacoordinated	  low	  spin	  state.	  This	  unfolded	  state	  is	  accompanied	  by	  a	  complete	  loss	   of	   the	   secondary	   and	   tertiary	   structure	   of	   the	   protein.63	   If	   the	   protein	   is	   refolded	   at	  neutral	   pH,	   the	   partially	   folded	   state	   with	   two	   histidine	   iron	   ligands	   is	   temporarily	  populated	  as	  a	  kinetic	  intermediate.	  It	  suggests	  that	  the	  misfolded	  states	  with	  two	  histidine	  ligands	   have	   to	   convert	   to	   pentacoordinated	   states	   prior	   to	   the	   completion	   of	   the	   folding	  process.55,64	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  Recently,	  an	  extension	  of	   the	  classical	  Theorell	  and	  Åkesson	  model	  has	  been	  suggested	  by	  Verbaro	   et	   al.	   based	   on	   the	   discovery	   of	   a	   thermodynamic	   intermediate	   state,	   which	  becomes	  populated	  at	  mildly	  alkaline	  conditions	  (pH	  9)	  and	  low	  anion	  concentration.	  In	  this	  intermediate	  termed	  III*,	   the	  Fe-­‐Met80	  bond	  is	  weakened	  but	  still	  remains	   ligated.65	  A	  pH	  titration	   showed	   that	   the	   III*	   state	   has	   two	   different	   phases	   that	   merge	   at	   high	   ion	  concentration.	  Bowler	  and	  coworkers	  assigned	  the	  state	  to	  the	  deprotonation	  of	  one	  of	  the	  propionic	  acid	  residues	  of	  the	  heme	  group,	  which	  is	  known	  to	  exhibit	  a	  very	  high	  pK-­‐value.66	  FTIR	   studies	  on	   selected	  deuterated	   side	   chains	   at	   high	   ionic	   strength	  by	  Romesberg	   and	  coworkers	   showed	   a	   two	   step	   alkaline	   transition.	   Initially	   state	   III	   transitions	   into	   an	  intermediate	  designated	  as	  state	  3.5,	  while	  in	  the	  second	  step	  is	  the	  transition	  into	  state	  IV.	  The	  III	  à	  3.5	  transition	  is	  associated	  with	  conformational	  changes	  of	  only	  the	  M80	  ligand,	  however	  they	  see	  a	  complete	  disappearance	  of	  the	  695	  nm	  band,	  which	  is	  indicative	  of	  the	  loss	  of	  the	  Fe	  –	  M80	  ligation.67	  	  
	  
	  
1.3.2.2	   The	   Foldon	   Unit	   Model.	  Due	   to	   the	   dynamic	   process	   of	   folding,	   proteins	   fluctuate	  between	   their	   folded	   and	   unfolded	   states.	   These	   fluctuations	   allow	   for	   the	   temporary	  population	  of	   intermediate	  states	   that	   the	  protein	  must	  pass	   through	  as	   it	   cycles	  between	  unfolding	   and	   refolding	   to	   obtain	   its	   native	   state.	   Partially	   folded	   kinetic	   intermediates	  occur	   quickly	   (<1	   s)	   and	   form	   in	   very	   small	   quantities.	   Proton	   exchange	   experiments	   are	  advantageous	  because	  they	  can	  be	  performed	  under	  native	  folding	  conditions.	  A	  protein	  is	  diluted	   with	   a	   solution	   of	   deuterium	   oxide	   (D2O)	   and	   any	   labile	   hydrogen	   atoms	   will	  immediately	   exchange	  with	   the	   deuterium.	   Amide	   hydrogens	   exchange	   at	   rates	   reflecting	  local	   backbone	   conformations	   and	   dynamics.	   	   If	   an	   amide	   hydrogen	   is	   exposed	   to	   the	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  solvent,	  it	  will	  exchange	  quickly	  with	  the	  solvent	  hydrogen,	  indicated	  faster	  folding	  rates	  as	  the	  protein	  begins	  to	  refold	  and	  search	  for	  its	  native	  state.	  If	  an	  amide	  hydrogen	  is	  buried	  in	  the	  protein,	   the	  exchange	  process	  will	   take	   longer	  and	   folding	  will	  occur	  at	  a	   slower	   rate.	  With	   regard	   to	   cytochrome	   c,	   Englander	   and	   coworkers	   showed	   that	   the	   protein	   is	  composed	   of	   different	   folding	   units	   that	   fold	   depending	   on	   the	   stability	   of	   each	   unit.	   The	  factors	  dictating	  how	  each	  unit	   folds	  are	  guided	  by	  the	  same	  parameters	  that	  determine	  a	  protein’s	  native	   state;	   in	  order	  of	   increasing	   free	  energy	  and	   surface	  exposure.	   Figure	  1.8	  illustrates	  each	  of	  the	  four	  foldon	  regions	  of	  cytochrome	  c.	  The	  red	  foldon	  region	  is	  the	  least	  stable	  and	  has	  the	  fastest	  folding	  rates,	  which	  is	  generally	  credited	  to	  the	  destabilization	  of	  the	  Fe	  (III)	  –	  M80	  bond.	  The	  yellow	  foldon	  region	  is	  the	  next	  to	  unfold	  and	  contains	  the	  W59	  residue.	   This	   will	   be	   of	   importance	   for	   the	   interpretation	   of	   fluorescence	   measurements	  performed	  for	  this	  thesis.	  The	  destabilization	  of	  this	  foldon	  leads	  to	  the	  opening	  of	  the	  heme	  pocket68	  and	  accessibility	  to	  the	  solvent.	  The	  green	  foldon	  contains	  the	  protein’s	  60’s	  helix	  while	  the	  blue	  foldon	  encompasses	  residue	  94-­‐99,	  including	  both	  the	  C-­‐	  and	  N-­‐	  terminus.	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Figure	  1.8.	  The	  foldon	  regions	  of	  ferricytochrome	  c	  which	  describe	  the	  order	  in	  which	  the	  protein	  folds	  according	  to	  its	  stability.	  In	  order	  of	  increasing	  stability	  and	  free	  energy:	  red,	  yellow,	  green,	  and	  blue.69	  
 
     
1.3.3	  Cytochrome	  c	  Function	  	  In	  its	  native	  state,	  cytochrome	  c	  is	  involved	  in	  electron	  transfer	  in	  the	  inner	  mitochondrial	  membrane,	  as	  seen	  in	  Figure	  1.9.	  The	  electron	  transport	  chain	  (ETC)	  of	  the	  mitochondria	  is	  responsible	   for	   the	   production	   of	   energy	   in	   the	   form	   of	   adenosine	   triphosphate	   (ATP).	  Cytochrome	   c’s	   role	   in	   this	   process	   is	   limited	   to	   the	   shuttling	   of	   electrons	   between	  cytochrome	  c	  reductase	  (Complex	  III)	  and	  cytochrome	  c	  oxidase	  (Complex	  IV).	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Figure	  1.9.	  Cartoon	  illustration	  of	  the	  electron	  transport	  chain	  of	  the	  inner	  mitochondrial	  membrane.	  Cytochrome	  c	  is	  shown	  here	  in	  grey.70	  	  	  	  Recently	  though,	  research	  on	  cytochrome	  c	  has	  shifted	  its	  attention	  from	  the	  protein’s	  role	  in	  the	  ETC	  to	  focusing	  on	  the	  protein’s	  involvement	  in	  triggering	  apoptosis.	  Cortese	  et	  al.,	  by	  performing	   a	   conformational	   analysis	   of	   cytochrome	   c	   in	  mitochondria,	   reported	   that	   the	  protein	  can	  adopt	  non-­‐native	  states	  when	  bound	  to	  the	  IMM71,	  a	  necessity	   for	  cytochrome	  
c’s	  peroxidation	  of	   lipids	  and	   the	  release	  of	   the	  protein	   into	   the	  cytosol,	   the	   initial	   step	   in	  apoptosis.	  
	  Apoptosis	  itself	  is	  essential	  for	  governing	  the	  destruction	  and	  formation	  of	  cells.	  Damaged,	  genetically	   modified	   or	   otherwise	   unwanted	   cells	   are	   eliminated	   by	   a	   regulated	   chain	   of	  biochemical	   reactions.	   While	   apoptosis	   is	   generally	   beneficial	   and	   necessary	   for	   proper	  cellular	   development	   including	   the	   fetal	   development	   of	   fingers	   and	   toes,	   defective	  apoptotic	  processes	  can	  lead	  to	  an	  extensive	  variety	  of	  diseases.	  Excessive	  apoptosis	  causes	  atrophy,	   whereas	   an	   insufficient	   amount	   results	   in	   uncontrolled	   cell	   proliferation,	   which	  occurs	   in	   cancer.	   In	   the	   inner	   mitochondrial	   membrane,	   cytochrome	   c’s	   involvement	   in	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  promoting	  apoptosis	  is	  a	  delicate	  balance	  between	  membrane	  bound	  and	  free	  cytochromes.	  While	  the	  mechanism	  involving	  the	  release	  of	  cytochrome	  c	  from	  the	  IMM	  into	  the	  cytosol	  is	  still	  not	  known,	  the	  remainder	  of	  the	  pathway	  is	  relatively	  well	  established	  in	  the	  literature.	  Following	   the	   release	   of	   cytochrome	   c,	   the	   protein	   binds	   to	   the	   apoptotic	   protease-­‐activating	   factor	   (Apaf-­‐1).	   This	   complexation	   increases	   the	   binding	   affinity	   of	   Apaf-­‐1	   for	  dATP	  (a	  molecule	  used	   in	  cells	   for	  DNA	  synthesis)	  which	   leads	  to	  the	  oligomerization	  and	  consequently	  formation	  of	  the	  apoptosome.72	  The	  apoptosome	  binds	  numerous	  procaspase-­‐9	  molecules	   that	   then	   cleave	   to	   the	   active	   form	   of	   the	   protease,	   caspase-­‐9.	   The	   complex	  composed	   of	   the	   apoptosome	   and	   caspase-­‐9	   cleave	   caspase-­‐3	   which	   initiates	   the	   actual	  degradation	  of	  the	  cell	  itself.	  The	  pathway	  is	  shown	  in	  Figure	  1.10.	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Figure	  1.10.	  Cytochrome	  c	  induced	  apoptotic	  pathway.72	  	  	  	  The	  interaction	  between	  cytochrome	  c	  and	  the	  inner	  membrane	  involves	  cardiolipin	  (CL),	  a	  peculiar	   anionic	   lipid	   with	   four	   hydrophobic	   alkyl	   chains,	   as	   shown	   for	   tetraoleoyl	  cardiolipin	  in	  Figure	  1.11.	  In	  eukaryotic	  cells,	  cardiolipin	  is	  only	  found	  in	  the	  mitochondria,	  where	  it	  makes	  up	  20%	  of	  the	  total	  mitochondrial	  lipids.73	  80%	  of	  CL	  is	  found	  on	  the	  inner	  membrane	  in	  healthy	  cells.74	  Of	  that	  80%,	  15-­‐20%	  is	  bound	  to	  cytochrome	  c,	  while	  only	  4%	  of	  that	  is	  bound	  to	  cytochrome	  c	  in	  the	  outer	  membrane.75	  During	  apoptosis,	  40%	  of	  CL	  on	  the	   inner	  mitochondrial	  membrane	  relocates	   to	   the	  outer	  membrane,	   creating	  a	  pore	   that	  allows	  for	  the	  release	  of	  cytochrome	  c	  into	  the	  cytosol.	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Figure	  1.11.	  Structure	  of	  tetraoleoyl	  cardiolipin.	  	  	  	  Ott	   et	   al.	   proposed	   a	   two-­‐step	   process	   for	   the	   release	   of	   cytochrome	   c	   from	   the	  mitochondria.	   First,	   the	   electrostatic	   and/or	   hydrophobic	   contacts	   to	   cardiolipin	   on	   the	  membrane	   surface	   must	   be	   severed	   to	   allow	   for	   the	   solubilization	   of	   the	   protein.76	   This	  solubilization	  triggers	  an	   imbalance	  of	  the	  pro-­‐	  (Bax	  and	  Bak)	  and	  anti-­‐	  (Bcl-­‐2	  and	  Bcl-­‐XL)	  apoptotic	  factors	  of	  the	  mitochondria	  and	  favors	  the	  pro-­‐apoptotic	  signals.	  Bcl-­‐2	  and	  Bcl-­‐XL	  can	  no	  longer	  block	  the	  activity	  of	  Bax	  and	  Bak	  and	  the	  membrane	  is	  permeabilized,	  which	  allows	  the	  release	  of	  cytochrome	  c	  into	  the	  cytosol.	  This	  pathway	  is	  shown	  in	  Figure	  1.12.	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Figure	  1.12.	  Cartoon	  illustration	  of	  the	  mitochondria	  and	  the	  pathway	  involved	  in	  triggering	  apoptosis.77	  	  	  	  	  Cytochrome	  c	  gains	  peroxidase	  activity	  while	  still	  bound	  to	  the	  inner	  membrane	  surface	  of	  mitochondria,	   in	   order	   to	   trigger	   apoptosis.78–80	   Well	   known	   peroxidases,	   such	   as	  horseradish	  peroxidase,	  shown	  in	  Figure	  1.13,	  have	  a	  specific	  catalytic	  heme	  site	  that	  allows	  for	   the	   binding	   and	   cleavage	   of	   H2O2.	   These	   sites	   are	   pentacoordinated	   with	   a	   histidine	  residue	  as	  the	  proximal	  ligand	  and	  a	  water	  ligand	  in	  the	  distal	  position	  of	  the	  heme	  pocket.	  The	  integrity	  of	   the	  hydrogen	  bonding	  to	  both	  the	  arginine	  38	  and	  distal	  histidine	  residue	  stabilizes	   compound	   I	   and	   II	   of	   horseradish	   peroxidase,	   preventing	   substrates	   from	  accessing	  the	  heme	  active	  site.81	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Figure	  1.13.	  The	  structure	  of	  horseradish	  peroxidase,	  where	  the	  red	  sphere	  is	  the	  unligated	  water	  molecule.82	  	  	  	  	  On	  the	  contrary,	  cytochrome	  c	  in	  its	  native	  state	  has	  a	  heme	  moiety	  and	  a	  proximal	  histidine	  ligand,	   the	   protein	   is	   hexacoordinated	   and	   has	   a	  methionine	   ligand	   in	   the	   distal	   position	  instead	   of	   histidine	   or	   arginine.	   	   In	   addition,	   the	   distance	   between	   the	   Fe(III)	   and	   the	  protein’s	   distal	  M80	   ligand	   is	   a	   short	   2.5	   Å,	   ensuring	   little	   interaction	   between	   the	   heme	  iron	  and	  small	  molecules	  and	  resulting	  in	  very	  weak	  peroxidase	  activity.	  	  	  However,	  studies	  on	  non-­‐native	  conformations	  of	  cytochrome	  c	  have	  shown	  that	  one	  of	  the	  major	  alterations	  to	  the	  heme	  moiety	   is	  the	  breakage	  of	  the	  Fe(III)	   -­‐	  M80	  bond,	  which	  would	  then	  allow	  for	  another	  ligand	  to	  access	  the	  heme	  iron.	  The	  pathway	  for	  cytochrome	  c	  peroxidase	  catalysis	  depends	  on	  the	  spin	  state	  of	  the	  heme,	  the	  conformation	  of	  the	  catalytic	  pocket,	  and	  oxidant	  properties.	   Cleavage	   of	   the	   O-­‐O	   bond	   of	   hydroperoxides	   (FA-­‐OOH,	   CL-­‐OOH)	   or	   peroxides	  (H2O2)	   by	   ferricytochrome	   c	   leads	   to	   the	   formation	   of	   alkoxy	   radicals	   and	   an	   oxyferryl	  protein	   heme	   state.	   Previous	   studies	   on	   horseradish	   peroxidase	   His43Leu	   mutants	   have	  
	  	  
28	  shown	  that	  the	  distal	  heme	  pocket	  does	  not	  have	  to	  be	  occupied	  by	  a	  histidine	  (and	  possibly	  arginine)	  ligand	  in	  order	  to	  perform	  peroxidase	  activity.	  Environmental	  changes	  that	  induce	  non-­‐native	  conformations	  of	  the	  protein	  allow	  for	  the	  opening	  of	  the	  heme	  catalytic	  site	  to	  possible	  oxidizing	  equivalents,	  increasing	  the	  rate	  of	  peroxidase	  activity	  comparable	  of	  that	  to	  actual	  peroxidases	  (~106	  M-­‐1s-­‐1).83	  	  
	  
	  
1.3.4	  Cytochrome	  c	  Binding	  to	  Liposomes	  Liposomes	   with	   anionic	   phospholipids	   have	   been	   used	   as	   model	   system	   for	   the	   inner	  mitochondrial	  membrane	  to	  which	  cytochrome	  c	  binds	  in	  vivo.58,60,61,79,84–89	  Nearly	  all	  studies	  conducted	   thus	   far	   show	   that	   cytochrome	   c	   undergoes	   conformational	   transitions	   upon	  binding	   to	   the	   surface	   of	   such	   liposomes	   as	   they	   do	   upon	   binding	   to	   the	   inner	  membrane.79,87–89	   Some	   of	   these	   changes	   include	   a	   disruption	   in	   the	   protein’s	   tertiary	  structure	   such	   as	   the	   opening	   of	   the	   heme	   crevice	   and	   the	   breaking	   of	   the	   Fe(III)	   -­‐	  M80	  bond.	   The	   binding	   process	   that	   induces	   these	   changes	  must	   evoke	   both	   electrostatic	   and	  hydrophobic	   interactions.	   Additionally,	   	   several	   lines	   of	   evidence	   also	   suggest	   that	  cytochrome	  c	  binding	  can	  trigger	  the	  protein’s	  insertion	  into	  the	  lipid	  membranes	  if	  a	  major	  portion	  of	  the	  membrane	  surface	  is	  covered	  by	  proteins.87,88,90	  	  	  
1.3.4.1	   Binding	   Modes.	   Due	   to	   the	   numerous	   positively	   charged	   lysine	   residues	   on	   the	  surface	  of	  cytochrome	  c	   and	   the	  negatively	  charged	  phospholipid	  membrane,	  electrostatic	  interactions	  play	  a	  large	  role	  in	  the	  protein’s	  binding	  to	  the	  surface	  of	  CL	  containing	  anionic	  bilayers.88,89,91–93	   Two	   of	   the	  most	   invoked	   binding	   sites	  were	   first	   reported	   by	   Kinnunen	  and	  coworkers	   in	   the	  1990’s.	  The	  binding	  of	   cytochrome	  c	   to	  CL/phosphtidylcholine	   (PC)	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  and	  phosphatidylglycerol	  (PG)/PC	  liposomes	  at	  neutral	  pH	  in	  the	  presence	  of	  NaCl	  and	  ATP	  was	  monitored	  by	  the	  efficiency	  of	  fluorescence	  resonance	  energy	  transfer	  from	  membrane-­‐incorporated	   pyrene	   phospholipid	   derivatives	   to	   the	   heme,	   which	   allows	   the	   authors	   to	  probe	  the	  bound	  state	  of	  the	  protein.	  In	  these	  experiments,	  cytochrome	  c	  was	  titrated	  into	  a	  liposome	   solution	   held	   at	   a	   fixed	   concentration.	   	   Two	   cytochrome	   c	   binding	   sites	   were	  discovered	   on	   cardiolipin-­‐containing	  membrane	   (liposome),	  which	  were	   termed	  A	   and	   C,	  shown	  on	  the	  right	  side	  of	   the	  protein	   in	  Figure	  1.14.94–96	  A-­‐site	  binding	   is	  electrostatic	   in	  nature	   and	   involves	  positively	   charged	   residues	  K72	   and	  K73	   and	   the	  negatively	   charged	  phosphate	  headgroup	  of	  cardiolipin.	  The	  respective	  effective	  binding	  constant	  depends	  on	  the	  ionic	  strength	  of	  the	  solution,	  where	  at	  low	  ionic	  strength	  cytochrome	  c	  and	  cardiolipin-­‐containing	  liposomes	  bind,	  but	  at	  high	  ionic	  strength	  Na+	  	  ions	  inhibit	  binding	  to	  cardiolipin	  while	  Cl-­‐	  ions	  most	  likely	  bind	  to	  the	  positive	  patches	  on	  cytochrome	  c.95,96	  The	  binding	  via	  the	  C-­‐site	  involves	  residue	  N52.	  The	  addition	  of	  anions	  had	  no	  effect	  on	  binding	  at	  this	  site,	  indicating	   that	   site	   C	   is	   dictated	   by	   hydrogen	   bonding.94–96	   Nantes	   and	   coworkers	  investigated	   cytochrome	  binding	   to	  mitochondrial	  mimetic	   vesicles	  with	  heart	   cardiolipin	  content	  and	   found	  a	  second	   ionic	  binding	  site	  of	  cytochrome	  c	   termed	  L	   that	  contains	   the	  residues	  K22,	  K27,	  H33	  and	  K87,	  which	  also	  seems	  to	  be	  operative	  at	  more	  acidic	  pH.97	  This	  site	  is	  shown	  on	  the	  left	  side	  of	  the	  protein	  in	  Figure	  1.14.	  The	  authors	  argue	  that	  as	  one	  site	  electrostatically	   binds	   proteins,	   another	   electrostatic	   site	   simultaneously	   binds	   more	  proteins,	  inducing	  vesicle	  fusion.	  For	  sites	  A	  and	  L,	  the	  presence	  of	  ions	  and	  ATP	  dissociates	  binding	   at	   these	   sites,	   indicating	   the	   reversibility	   of	   binding	   at	   electrostatic	   sites.95,97	  However,	  binding	  to	  site	  C	  is	  irreversible	  and	  unaffected	  by	  the	  addition	  of	  ions	  and	  ATP.95	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Figure	  1.14.	  Cytochrome	  c	  and	  its	  proposed	  binding	  sites	  in	  grey.98	  	  	  	  Tuominen	  et	  al.	  showed	  that	  ATP,	  which	  binds	  to	  the	  N91	  binding	  site	  of	  cytochrome	  c	  with	  high	  affinity,	  does	  not	  dissociate	  proteins	  bound	  at	  site	  C	  but	  changes	  the	  conformation	  of	  the	   bound	   ferricytochrome	   c.	  On	   the	   other	   hand,	   ATP	   does	   not	   affect	   the	   structure	   of	   A-­‐bound	  proteins.99	  	  For	  ferricytochrome	  c,	  the	  CD	  spectrum	  of	  its	  native	  state	  typically	  shows	  a	  Soret	  band	  couplet	  with	  a	  positive	  maximum	  at	  417	  nm	  and	  a	  negative	  maximum	  at	  405	  nm.100	   The	   latter	   has	   been	   shown	   to	   be	   an	   indicator	   for	   the	   intactness	   of	   the	  M80-­‐Fe(III)	  bond;	  the	  lack	  of	  a	  negative	  417	  nm	  peak	  and	  a	  positive	  Cotton	  effect	  (~410	  nm)	  illustrate	  the	  breaking	  and	  removal	  of	  the	  M80	  ligand,	  as	  seen	  in	  Figure	  1.15.101	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Figure	  1.15.	  CD	  spectra	  for	  the	  Soret	  band	  region	  depicting	  the	  native	  state	  couplet	  and	  the	  conversion	  to	  a	  positive	  Cotton	  band.102	  	  	  	  	  Interestingly,	   the	   CD	   spectra	   of	   the	   B-­‐band	   reported	   by	   Tuominen	   et	   al.	   suggest	   that	   the	  influence	  of	  A-­‐site	  binding	  on	  the	  heme	  pocket	  structure	  of	  cytochrome	  c	  is	  rather	  modest.	  The	  ferri-­‐state	  binding	  to	  this	  site	  only	  causes	  a	  decrease	  of	  the	  420	  nm	  couplet	  peak	  by	  ca.	  60%.99	   Since	   the	   change	   is	   symmetric,	   it	   is	   most	   likely	   reflecting	   a	   decrease	   of	   B-­‐band	  splitting.	   The	   binding	   to	   site	   C,	   however,	  which	   is	   dominant	   at	   acidic	   pH,	   has	   a	   dramatic	  influence	   on	   the	   CD	   spectrum,	   in	   that	   it	   changes	   the	   sign	   of	   the	   couplet.	   Thus	   far,	   such	   a	  change	   has	   not	   been	   observed	   in	   solution	   nor	   has	   a	   physical	   explanation	   for	   this	  phenomenon	   yet	   been	   given.	   Oellerich	   et	   al.	   suggested	   two	   hydrophobic	   patches	   on	   the	  protein	  surface	   that	  could	  serve	  as	   the	  C-­‐site;	   residues	  43-­‐46	  and	  81-­‐85	  as	  seen	   in	  Figure	  1.16.103	   Sinibaldi	   et	   al.	   probed	   the	  binding	  of	   cytochrome	   c	   to	   pure	   cardiolipin	   vesicles	   at	  
	  	  
32	  neutral	   pH	   and	   different	   ionic	   strengths	   using	   circular	   dichroism	   to	   obtain	   binding	  isotherms.	  They	  observed	  two	  cooperative	  binding	  steps	  to	  what	  the	  authors	  termed	  high-­‐	  and	   low-­‐affinity	   binding	   sites,104	   which	   were	   identified	   with	   A	   and	   C,	   respectively.	   The	  spectroscopic	  characteristics	  of	  the	  cytochromes	  bound	  to	  their	  high-­‐	  and	  low-­‐affinity	  sites	  are	  rather	  different	  from	  those	  reported	  by	  Tuominen	  et	  al.99	  The	  binding	  of	  both	  sites	  were	  shown	  to	  be	  disrupted	  by	  Na+	   	   ions	  with	   the	  high-­‐affinity	  site	  being	  more	  sensitive	   to	   the	  presence	   of	   salt.	   However,	   if	   the	   low-­‐affinity	   site	   is	   indeed	   favored	   by	   hydrophobic	  interactions,	  no	  salt	  influence	  should	  be	  seen	  in	  the	  experiment	  of	  Sinibaldi	  et	  al.	  CD	  data	  in	  the	  presence	  of	  ATP	  show	  only	  an	  increase	  in	  the	  strength	  of	  the	  negative	  couplet	  (416	  nm)	  by	   about	   one	   half	   of	   the	   peak	   intensity	   in	   the	   native	   state,	   indicating	   that	  ~50%	  of	   their	  protein	   is	  dissociated	  by	  ATP.	  This	  number	  corresponds	  to	   their	  estimation	  of	   the	  protein	  bound	   via	   the	   high-­‐affinity	   site,	   illustrating	   that	   ATP	   competes	   for	   this	   binding	   site,	  inconsistent	  with	  previous	  literature	  findings.	  Sinibaldi	  and	  coworkers	  attribute	  the	  lack	  of	  correlation	  of	  their	  data	  to	  differences	  in	  experimental	  conditions,	  namely	  protein	  and	  salt	  concentrations.	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Figure	  1.16.	  Hydrophobic	  heme	  crevice	  for	  acyl	  chain	  insertion.	  The	  crevice	  is	  comprised	  of	  non-­‐polar	  residues	  67-­‐71	  and	  82-­‐85	  with	  positively	  charged	  residues	  R91	  and	  K72	  at	  either	  end.103	  	  	  	  Recently,	  Hong	  et	  al.	  performed	  fluorescence	  energy	  transfer	  experiments	  from	  which	  they	  obtained	   dye-­‐to-­‐heme	   distance	   distributions.	   Fluorescence	   correlation	   spectroscopy	   was	  used	   to	   acquire	   kinetic	   data	   for	   protein	  binding	   to	   the	  membrane	   in	   the	  presence	  of	   salt.	  	  Their	  data	  provide	  evidence	  for	  an	  equilibrium	  between	  two	  conformations	  of	  cytochrome	  c	  bound	   to	   cardiolipin-­‐containing	   liposomes	   (as	   opposed	   to	   two	   binding	   sites),	   one	  with	   a	  compact,	  molten	  globule-­‐like	  conformation	  C	  and	  a	  more	  extended	  structure	  E	  in	  which	  the	  contacts	  between	  N-­‐	  and	  C-­‐helix	  are	  broken.105	  Their	  data	  led	  the	  authors	  to	  propose	  that	  in	  both	  conformers	  the	  protein’s	  binding	  to	  the	  liposome	  surface	  is	  peripheral105,106,	  however	  later	  work	  shows	  partial	  penetration	  into	  the	  membrane	  bilayer.107	  Kinetic	  studies	  by	  these	  authors	   illustrated	   that	   the	   C-­‐	   and	   E-­‐states	   are	   in	   equilibrium	   with	   one	   another	   and	  exchange	  on	  a	  sub-­‐millisecond	  time	  scale.107	  Further	  studies	  via	  fluorescence	  spectroscopy	  and	   ultraviolet	   circular	   dichroism	   show	   that	   the	   protein	   retains	   its	   native	   secondary	  
	  	  
34	  structure	  but	  loses	  its	  tertiary	  contacts.	  The	  results	  suggest	  that	  the	  opening	  and	  closing	  of	  the	   protein’s	   polypeptide	   loops	   are	   very	   fast,	   and	   the	   interactions	   with	   the	   membrane	  surface	  must	  be	  taking	  place	  on	  the	  periphery	  of	  the	  protein.105	  	  	  
 Kinnunen	  and	  coworkers108	   also	  proposed	  a	  C-­‐site	  mediated	   stabilizing	  mechanism	  called	  the	  extended	  lipid	  anchorage	  of	  a	  cardiolipin	  alkyl	  chain	  within	  the	  hydrophobic	  pocket	  of	  the	   protein.	   In	   their	  model	   this	   hydrophobic	   channel	   is	   formed	   in	   close	   proximity	   to	   the	  helix	  containing	  the	  interacting	  amino	  acid	  residue	  N52.	  Sinibaldi	  et	  al.	  went	  even	  further	  by	  suggesting	  the	  penetration	  of	  two	  alkyl	  chains.104	  A	  more	  recent	  study	  from	  the	  same	  group	  revealed	   that	   while	   K72,	   K73,	   and	   K79	   are	   necessary	   to	   stabilize	   the	   native	   M80-­‐Fe(III)	  bond	   and	   tertiary	   structure	   of	   the	  protein,	   only	  K72	   and	  K79	   are	   involved	   in	   the	  binding	  processes	   by	   navigating	   the	   acyl	   chain	   of	   the	   cardiolipin	   into	   the	   protein’s	   heme	  crevice.109,110	  	  Kalanxhi	  and	  Wallace	  argued	  that	  the	  binding	  surface	  for	  the	  insertion	  of	  the	  acyl	  chain	  must	  be	  located	  so	  that	  the	  penetration	  of	  the	  chain	  allows	  for	  direct	  contact	  with	  the	   sixth	   coordinating	   ligand	  position,	   typically	  where	   the	  M80	   ligand	  would	   sit	   in	  native	  cytochrome	   c.	   The	   authors	   proposed	   a	   channel	   close	   to	   K72,	   K73,	   K86	   and	   M80	   as	   an	  alternative	   that	   can	   be	   stabilized	   by	   electrostatic	   interactions	   of	   the	   A-­‐site	   via	   the	   lysine	  residues	   on	   the	   protein’s	   surface,	   as	   seen	   in	   Figure	   1.14.111	   An	   alternative	   option	   for	  rationalizing	   the	  obtained	   stability	  of	  A-­‐state	  binding	   is	   the	  protein’s	  penetration	   into	   the	  membrane,	   the	   occurrence	   of	   which	   has	   indeed	   been	   proposed	   for	   liposomes	   with	  substantial	  protein	  coverage	  (low	  lipid/protein	  ratio).	  Here,	  Oellerich	  et	  al.	  varied	  the	  ratio	  of	   lipid	   to	   protein	   to	   obtain	   different	   modes	   of	   cytochrome	   c	   binding.	   At	   high	   lipid-­‐to-­‐protein	  ratios,	  peripheral	  binding	  by	  electrostatic	  interactions	  dominates	  and	  the	  protein	  is	  in	   the	   B2	   conformation,	   where	   the	   axial	   ligand	  M80	   is	   replaced	   by	   a	   water	   ligand.	  With	  decreasing	   liposome/protein	   ratios,	   the	   electrostatic	   interactions	  weaken	   and	   the	  protein	  
	  	  
35	  now	   has	   the	   ability	   to	   integrate	   into	   the	   membrane	   surface	   itself	   and	   bind	   with	   the	  hydrophobic	   core,	   shown	   in	   Figure	   1.16.63,103	   Since	   the	   hydrophobic	   patch	   containing	  residues	   81-­‐85	   are	   directly	   connected	   to	   M80,	   the	   disruption	   of	   these	   residues	   due	   to	  interactions	  with	  the	  membrane	  surface	  would	  most	  certainly	  weaken,	  if	  not	  break,	  the	  Fe	  -­‐	  M80	  bond.	  	  	  Kostrzewa	   and	   coworkers	   performed	   spin-­‐label	   ESR	   on	   yeast	   cytochrome	   c	   bound	   to	  negatively	  charged	  DOPG	  membranes	  and	  also	  found	  that	  lysine	  residues	  25,	  72,	  86,	  and	  87	  make	  up	  the	  active	  site	  of	  the	  protein-­‐membrane	  interaction.112	  They	  concluded	  that	  spin-­‐labeled	   lysine	   residues	   did	   not	   show	   significant	   immobilization	   upon	   binding	   to	   lipid	  membranes	  when	   compared	   to	   cytochrome	   c	   in	   bulk	   solution;	   corroborating	   the	  work	   of	  Oellerich	   	   et	   al	   that	   cytochrome	   c	   does	   not	   penetrate	   into	   the	  membrane	   surface	   at	   low	  liposome	   occupation103.	   Dye	   labeled	   variants	   of	   horse	   heart	   cytochrome	   c	   show	   that	   the	  region	   involving	  N92	   is	   rather	  hydrophobic	   in	  regards	   to	   its	  binding	  preference105	  yet	   the	  addition	  of	  salt	  easily	  dissociated	  the	  labeled	  arginine	  residue,	  suggesting	  little	  to	  no	  bilayer	  penetration.106	  However,	  mutant	  studies	  where	  N91	  was	  altered	  to	  a	  lysine	  residue	  show	  a	  dramatic	   decrease	   in	   protein	   stability	   and	   increase	   in	   solvent	   accessibility	   of	   the	   heme	  group.	  If	  the	  N92	  residue	  does	  insert	  into	  the	  lipid	  bilayer,	  large	  structural	  rearrangements	  of	  the	  heme	  would	  be	  expected.	  	  UV	  resonance	  Raman	  experiments	  revealed	  a	  possible	  trigger	  for	  rearrangements	   induced	  by	   the	   binding	   of	   cytochrome	   c	   to	   cardiolipin-­‐containing	   liposomes.	   The	   authors	   showed	  that	  the	  loss	  of	  the	  P44-­‐	  H26	  hydrogen	  bond	  results	  in	  the	  conversion	  of	  the	  40’s	  loop	  into	  a	  β-­‐sheet	   structure,	   which	   eventually	   extends	   to	   the	   both	   the	   60’s	   and	   70’s	   helices.	   The	  
	  	  
36	  authors	  proposed	   that	   as	   cytochrome	   c	   comes	   in	   contact	  with	   the	  membrane	   surface,	   the	  histidine	  26	  residue	  interacts	  with	  the	  membrane’s	  phosphate	  headgroups,	  that	  breaks	  the	  hydrogen	  bond	  to	  proline	  44.	  This	  causes	  a	  rearrangement	  of	  the	  heme	  which	  involves	  the	  rupture	  of	  the	  Fe(III)	  –	  M80	  bond,	  allowing	  peroxides	  access	  to	  the	  protein’s	  active	  site.113	  	  According	   to	   the	   foldon	   theory	   proposed	   by	   Englander	   and	   coworkers,	   this	   40’s	   loop	   is	  considered	  the	  least	  stable	  foldon.	  	  	  Pletneva	  and	  coworkers	  proposed	  an	  unfolding	  process	  induced	  by	  cytochrome	  c	  binding	  to	  cardiolipin-­‐containing	   membranes	   shown	   in	   Figure	   1.17.	   Initially,	   the	   positively	   charged	  protein	  is	  attracted	  to	  the	  negatively	  charged	  phospholipid	  headgroups	  and	  binding	  occurs	  electrostatically	  at	  the	  heavily	  populated	  lysine	  patch	  (residues	  72,	  73,	  86,	  and	  87).	  The	  H26	  –	   P44	   hydrogen	   bond	   breaks	   upon	   binding,	  which	   triggers	   the	   rearrangement	   of	   the	   red	  foldon	   region	   containing	   M80.	   This	   rearrangement	   breaks	   the	   Fe(III)	   –	   M80	   bond.	  Concurrently,	   the	   yellow	   and	   green	   foldon	   regions	   loosen	   the	   tertiary	   structure	   of	   the	  protein.	   The	   60’s	   helix	   interacts	   and	   lies	   on	   the	  membrane	   surface	  while	   the	   40’s	   loop	   is	  pulled	  closer	   to	   the	  surface	   in	  close	  proximity	   to	   the	  heme	  group.	  The	  beginning	  of	   the	  C-­‐terminal	   partially	   inserts	   into	   the	   membrane	   surface	   while	   the	   end	   of	   the	   C-­‐terminal	  unfolds,	   breaking	   contacts	   with	   the	   N-­‐terminal.	   This	   leads	   to	   the	   extended	   E	   conformer,	  which	  possess	  an	  easily	  accessible	  heme	  group,	  primed	  for	  peroxidase	  activity.	  107	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Figure	   1.17.	   Pathway	   for	   cytochrome	   c	   unfolding	   induced	   by	   binding	   to	   cardiolipin-­‐containing	  membranes.	  	  (1)	  First	  the	  protein	  binds	  electrostatically	  to	  the	  surface,	  (2)	  which	  induces	   breakage	   of	   the	   H26	   –	   P44	   bond.	   (3)	   The	   tertiary	   structure	   of	   the	   protein	   is	  loosened,	  (4)	  followed	  by	  global	  unfolding	  of	  the	  protein	  and	  partial	  penetration	  in	  the	  lipid	  bilayer.107	  	  	  	  	  
1.3.5	  Cytochrome	  c	  Binding	  Effects	  on	  Membranes	  	  As	  seen	   in	  detail	   in	   the	  previous	  sections,	   the	  membrane	  surface	  has	  a	   large	  effect	  on	   the	  structure	   of	   the	   protein	   that	   binds	   to	   it.	   However,	   the	   membrane	   surface	   is	   not	   a	   static	  entity	  and	   is	   therefore	  prone	   to	  alterations	   induced	  by	  binding	   to	   its	  surface.	  This	  section	  discusses	  how	  the	  binding	  of	  protein	  affects	  the	  structural	  characteristics	  of	  the	  membrane	  surface114.	  	  In	   1995,	   Heimburg	   and	   Marsh	   performed	   binding	   studies	   of	   cytochrome	   c	   to	   dioleoyl-­‐phosphatidylglycerol	   (DOPG)	   membranes	   over	   a	   variety	   of	   ionic	   strengths.	   They	   then	  analyzed	  their	  binding	  isotherms	  using	  a	  statistical	  thermodynamic	  model	  for	  non-­‐localized	  
	  	  
38	  binding	   sites,	   which	   are	   described	   by	   their	   electrostatic	   and	   lateral	   interactions.	   Most	  binding	   analyses	   of	   cytochrome	   c	   to	   negatively	   charged	   phospholipid	   membranes	   utilize	  Langmuir	   isotherms.	   These	   isotherms	   provide	   a	   general	   overview	   of	   the	   dynamic	  interactions	  occurring	  between	   the	  membrane	  surface	  and	   the	  protein,	  but	  only	   take	   into	  account	  localized	  binding	  sites	  on	  the	  surface	  of	  the	  membrane.	  These	  fixed,	  localized	  sites	  are	   sufficient	   for	   small	   ion	   binding	   but	   for	   large	   ligands	   the	   Langmuir	   isotherm	  overestimates	  the	  degree	  of	  binding	  due	  to	  neglecting	  the	  entropy	  of	  the	  ligand	  distribution	  on	  the	  surface.	  The	  authors	  found	  that	  at	  low	  ionic	  strengths,	  a	  strong,	  more	  populated	  type	  of	   binding	   is	   produced.	   With	   this	   increase	   in	   bound	   proteins	   comes	   an	   increase	   in	   the	  number	   of	   positive	   charges	   on	   the	   membrane	   surface,	   which	   effectively	   lowers	   the	  membrane	  surface	  potential	  and	  allows	   for	   the	  partial	  penetration	  of	   the	  protein	  or	  other	  surface	   perturbations.88	   Because	   the	   lateral	   interactions	   between	   bound	   proteins	   on	   the	  membrane	  surface	  are	  not	  entropically	   favored,	   the	  surface	   reorientation	   is	  driven	  by	   the	  need	   to	   reduce	   these	   energetically	   unfavorable	   interactions.	   	   This	   also	   allows	   a	   larger	  surface	  capacity	  for	  protein	  binding.	  Oellerich	  and	  coworkers	  later	  showed	  that	  the	  effective	  electric	  field	  at	  the	  protein	  binding	  site	  depends	  on	  the	  local	  electrostatic	   interactions	  and	  surface	  potential	  of	  the	  membrane.	  Turbidity	  and	  viscosity	  measurements	  indicate	  that	  with	  increasing	  bound	  proteins	  and	  surface	  coverage,	  the	  membrane	  surface	  potential	  decreases.	  Once	  the	  potential	  is	  low	  enough,	  partial	  penetration	  of	  the	  protein	  into	  the	  membrane	  now	  competes	  with	  peripheral	  binding,	  which	  induces	  a	  conversion	  of	  the	  protein’s	  axial	  ligand.	  Raman	  experiments	  performed	  by	  Oellerich	  et	  al.	   show	  that	  under	   low	   ionic	  strength	  and	  weak	  electrostatic	  interactions,	  the	  M80	  is	  replaced	  by	  H33	  ligand.	  As	  electrostatic	  binding	  interactions	   increase,	   the	   protein’s	   axial	   histidine	   is	   now	   replaced	   by	   a	  water	   ligand	   and	  converts	   from	   a	   low	   spin	   species	   to	   high	   spin.	   Lateral	   protein	   interactions	   transition	   the	  protein	  back	  in	  a	  native	  state	  with	  the	  ligated	  M80.103	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  May	  and	  coworkers	  argue	   that	  both	   the	  aforementioned	  papers	  neglect	  either	  differences	  between	   the	   protein	   adsorption	   domains	   and	   the	   protein	   deficient	   domains	   or	   protein	  repulsion	  effects.	  The	  authors’	  model	   therefore	   takes	   into	  account	  both	  variations	   in	   lipid	  composition,	  as	  well	  as	  repulsive	  and	  lateral	  protein-­‐protein	  interactions.	  At	  low	  membrane	  surface	  density,	  the	  adsorption	  energy	  can	  be	  equal	  to	  that	  of	  an	  isolated	  protein,	  and	  lipid	  demixing	   alterations	   are	   dominant	   since	   inter-­‐protein	   interactions	   are	   weak	   here.	  	  However,	   as	   more	   proteins	   adsorb	   to	   the	   surface,	   protein-­‐protein	   interactions	   become	  increasingly	   important	   and	   can	   no	   longer	   be	   neglected.	   Using	   both	   neutral	   and	   acidic	  phospholipid	   mixed	   membranes	   to	   bind	   an	   oppositely	   charged	   macromolecule,	   May	   and	  coworkers	   show	   that	   lipids	   adjust	   their	   concentrations	   at	   a	   specific	   region	   to	   account	   for	  entropy	   cost.	   These	   effects	   are	   greatly	   seen	   when	   highly	   charged	   proteins	   are	   bound	   to	  weakly	  charged	  membranes,	  such	  as	  in	  the	  case	  of	  cytochrome	  c	  binding	  to	  the	  IMM.	  When	  demixing	   occurs,	   the	   mobile	   proteins	   are	   initially	   moving	   along	   the	   membrane	   surface,	  attempting	  to	  restore	  a	  consistent	  electrostatic	  potential	  throughout	  the	  membrane.	  As	  lipid	  demixing	   is	  allowed,	   the	  charged	   lipids	  begin	   to	  rearrange	  by	  approaching	   the	   interaction	  zone	  to	  achieve	  charge	  matching	  by	  binding	  to	  the	  proteins.	  Counterions	  are	  present	  in	  the	  gap	   between	   two	   surfaces	   that	   do	   not	   have	   equal	   charge	   densities.	   As	   two	   non-­‐equal	  surfaces,	   such	  as	  highly	  charged	  proteins	  and	  weakly	  charged	  membranes,	   come	   in	  closer	  contact	  with	  one	  another,	  counterions	  are	  released	  into	  the	  bulk	  solution	  to	  neutralize	  the	  now	   repulsive	   forces	   between	   the	   surfaces	   due	   to	   the	   osmotic	   pressure	   between	   the	  counterions.	   This	   release	   leads	   to	   the	   lowering	   of	   the	   electrostatic	   potential	   at	   the	  membrane	   surface	  and	  a	  gain	   in	   entropic	   energy.	  The	  binding	  energy	   is	   thus	   significantly	  enhanced	  by	  the	  ability	  of	  the	  charged	  lipid	  to	  adjust	  their	  local	  concentration	  in	  the	  vicinity	  of	   an	   adsorbed	   protein.	   The	   authors	   also	   show	   that	   as	   protein	   adsorption	   to	   the	   lipid	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  surface	   increases,	   the	   proteins	   now	   compete	   for	   negatively	   charged	   lipids,	   increasing	   the	  lateral	  repulsion	  between	  individual	  proteins	  and	  the	  adsorption	  free	  energy.115	  	  	  Denisov	   and	   coworkers	   obtained	   binding	   isotherms	   of	   pentalysine	   to	   mixed	   membranes	  containing	   neutral	   and	   acidic	   phospholipids.	   Their	   theoretical	   model	   accounts	   for	   lipid	  mobility	  and	  demixing	  to	  explain	  the	  thermodynamically	  favored	  driving	  force	  behind	  lipid	  domain	  formations.	  Here,	  domain	  formation	  is	  brought	  about	  by	  a	  concomitant	   loss	   in	  the	  electrostatic	  free	  energy	  that	  overcomes	  the	  gain	  of	  the	  entropy	  of	  mixing	  of	  the	  neutral	  and	  acidic	   phospholipids.	   This	   decreases	   the	   free	   energy	   of	   the	   system	   (lipids	   and	   peptides).	  Denisov’s	   model	   assumes	   that	   more	   peptides	   bind	   to	   the	   membrane	   when	   domains	   are	  formed,	   which	   neutralizes	   the	   acidic	   phospholipid	   charges	   and	   reduces	   the	   net	   surface	  charge	   density.	   However,	   Densiov	   and	   coworkers	   do	   not	   take	   into	   account	   lateral	  interactions	   between	   peptides,	   which	   can	   repulse	   and	   attract	   one	   another	   and	   affect	   the	  lipid	  domains.116	  	  	  Beales	   et	   al.	   added	   to	   the	   complexity	   of	   cytochrome	   c	   induced	   membrane	   morphology	  changes	  by	  demonstrating	  that	  binding	  of	   the	  protein	  to	  giant	  unilamellar	  vesicles	  (GUVs)	  provokes	   the	   collapse	   of	   cardiolipin-­‐rich	   domains.	   These	   authors	   performed	   microscopy	  studies	   to	   allow	   for	   the	   visualization	   of	   vesicle	  membranes	   in	   their	   internal	   and	   external	  solution	   environment.	   These	   studies	   showed	   beading	   and	   thermal	   fluctuations	   of	   the	  membrane	   upon	   the	   addition	   of	   cytochrome	   c,	  which	   the	   authors	   suggest	   is	   a	   result	   of	   a	  collapsed	   state	   of	   the	   cardiolipin	   domains.	   The	   membrane	   compresses	   due	   to	   positively	  charged	  cytochrome	  c	  molecules	  that	  reside	  in	  these	  undulations.	  This	  leads	  to	  an	  increase	  in	   the	   membrane	   curvature	   that	   is	   then	   released	   via	   the	   formation	   of	   a	   fold	   in	   the	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  membrane	   segment.	   The	   cytochrome	   c	   molecules	   in	   the	   folds	   favor	   a	   negative	   curvature	  which	   induces	   the	   bilayer	   to	   bend	   further.117	   	   Bergstrom	   et	   al.	   found	   that	   cytochrome	   c	  binding	   to	   cardiolipin	   containing	   GUVs	   causes	   the	   formation	   of	   pores	   big	   enough	   to	  penetrate	  into	  the	  interior	  of	  the	  liposomes.	  Negative	  membrane	  curvature	  induced	  by	  the	  binding	  of	  cytochrome	  c	   reduces	  the	  energetic	  barrier	   to	  allow	  for	   the	  transition	   from	  the	  lipid	   bilayer	   to	   a	   more	   contained	   lipid	   phase.90	   This	   observation	   resembles	   the	   findings	  reported	   by	  Oellerich	   et	   al.	   for	   the	   high	   surface	   coverage	   of	  DOPG	   liposomes	   by	   oxidized	  cytochrome	  c.103	  	  	  	  	  
	  
Figure	  1.18.	  The	  pathway	  for	  pore	  formation	  as	  described	  by	  Bergstrom	  et	  al.90	  The	  initial	  flat	  bilayer	  undergoes	  negative	  surface	  curvature	  due	  to	   interactions	  between	  the	  positive	  protein	  charges	  (red)	  and	  the	  negative	  lipid	  headgroup	  charges	  (blue).	  The	  cartoon	  furthest	  right	   depicts	   the	   unfolded	   C-­‐terminal	   helix	   of	   the	   protein	   stabilizing	   the	   open	   pore	  formation.	  	  
	  
	  
	  
1.4	  RESEARCH	  OUTLOOK	  While	  there	  is	  an	  abundance	  of	  studies	  defining	  different	  binding	  modes	  the	  protein	  adopts	  under	  different	  conditions,	  the	  current	  literature	  still	  cannot	  explain	  the	  multifaceted	  roles	  of	   the	   protein	   on	   the	   inner	   mitochondrial	   membrane.	   The	   general	   consensus	   is	   that	  cytochrome	  c	  must	  be	  partially	  unfolded	  in	  order	  to	  function	  as	  a	  peroxidase,	  yet	  over	  sixty	  years	  of	  research	  has	  shown	  that	  the	  protein’s	  involvement	  in	  the	  electron	  transport	  chain	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  requires	   the	  axial	  methionine	   ligand.	   In	  order	   to	   function	  as	  both	  an	  electron	   transporter	  and	  a	  peroxidase,	  cytochrome	  c	  must	  find	  a	  balance	  between	  these	  two	  states.	  	  	  In	   the	   chapters	   to	   follow,	   the	   focus	   will	   be	   to	   find	   a	   binding	   model	   that	   accounts	   for	  cytochrome	   c’s	   diversity	   as	   both	   an	   electron	   transporter	   in	   its	   fully	   folded	   state	   and	   as	   a	  peroxidase	   in	   a	   partially	   folded	   state.	   In	   order	   to	   do	   this,	   we	   must	   therefore	   take	   into	  account	  not	  only	  the	  protein	  itself	  but	  also	  the	  membrane	  surface.	  	  The	  experimental	  work	  is	   aimed	   at	   determining	   and	   characterizing	   different	   modes	   of	   cytochrome	   c	   –	   anionic	  liposome	   interactions	   as	   a	   function	   of	   lipid-­‐to-­‐protein	   ratio,	   NaCl	   concentrations	   and	  cardiolipin	   content	   by	   combining	   different	   spectroscopic	   tools.	   The	   various	   parameters	  chosen	   allow	   us	   to	   elucidate	   different	   structural	   changes	   of	   the	   protein	   and	   apply	   the	  obtained	  spectroscopic	  data	   to	  describe	  binding	  processes	  of	   the	  protein.	   	  We	  probed	   the	  binding	   to	   and	   interaction	   of	   the	   protein	  with	   liposomes	   by	  measuring	   its	   polarized	   and	  unpolarized	  fluorescence,	  visible	  circular	  dichroism	  (CD),	  and	  optical	  absorption	  spectrum	  along	   with	   performing	   steady	   state	   anisotropy	   and	   acrylamide	   quenching	   experiments.	  These	   spectroscopies	   probe	   the	   tertiary	   structure	   in	   slightly	   different	   but	   somewhat	  overlapping	  regions	  of	  the	  protein.	  Visible	  absorption	  and	  CD	  spectra	  were	  used	  for	  probing	  the	   ligation	   state	   of	   the	   heme	   and	   the	   strength	   of	   the	   internal	   electric	   field	   in	   the	   heme	  plane.118	   Fluorescence	   spectroscopy	   looked	   at	   the	   unfolding	   of	   the	   protein	   by	  monitoring	  the	   aromatic	   tryptophan	   59	   residue	   and	   its	   proximity	   to	   the	   heme	   iron,	   as	   well	   as	   the	  mobility	  of	  the	  tryptophan.	  Steady	  state	  anisotropy	  and	  acrylamide	  quenching	  experiments	  can	   provide	   us	  with	   the	   degree	   of	   protein	   accessibility	   to	   the	   solvent.	   The	   data	   obtained	  from	   the	   numerous	   types	   of	   spectroscopies	   were	   initially	   and	   comprehensively	   analyzed	  using	   a	   Langmuir-­‐like	   binding	   isotherm	   describing	   both	   the	   protein	   and	   the	   membrane	  surface.	   As	   we	   increase	   the	   cardiolipin	   content	   of	   our	   liposomes,	   however,	   a	   Langmuir	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  isotherm	  might	  not	  sufficiently	  describe	  the	  binding	  sites	  on	  the	  membrane	  surface.	  Due	  to	  demxing	  of	  the	  cardiolipin	  and	  phosphocholine	  lipids,	  the	  membrane	  transitions	  to	  a	  more	  continuous	  surface	  and	  can	  no	  longer	  be	  described	  by	  individual	  binding	  sites	  assumed	  by	  the	  Langmuir	  binding	   isotherm.	  We	  proceeded	   to	   follow	  a	  model	  previously	  described	  by	  Pletneva	  and	  coworkers.	  We	  explain	  the	  interactions	  of	  cytochrome	  c	  binding	  to	  cardiolipin-­‐containing	  liposomes	  as	  an	  equilibrium	  between	  two	  protein	  conformers,	  one	  that	  assumes	  a	  more	   native-­‐like	   state	   at	   low	   cardiolipin	   concentrations	   and	   one	   that	   has	   an	   extended,	  non-­‐native	   structure	   at	   higher	   cardiolipin	   concentrations.	   We	   believe	   these	   conformers	  could	   support	   the	   sensitive	   equilibrium	   between	   the	   protein	   conformer	   which	   facilitates	  electron	  transfer,	  and	  the	  conformation	  which	  assumes	  peroxidase	  activity.	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Chapter	  2.	  THEORETICAL	  BACKGROUND	  OF	  SPECTROSCOPIC	  METHODS	  
	  
2.1	  ABSORPTION	  SPECTROSCOPY	  The	  absorption	  of	  light	  occurs	  upon	  the	  reaction	  of	  electromagnetic	  radiation	  with	  matter.	  Absorbance,	  A	  (ṽ),	  at	  a	  specific	  wavenumber,	  ṽ,	  can	  be	  described	  by	  the	  Beer-­‐Lambert	  Law	  and	  is	  written	  as	  
	  
	   	   	   	   	   𝐴 𝜈 = 𝑐 ∙ 𝜀 𝜈 ∙ 𝑙	   	   	   	   (2.1)	  	  where	  l	   is	  the	  pathlength	  that	  the	  light	  travels	  in	  the	  medium,	  c	   is	  the	  concentration	  of	  the	  substance	   in	   solution,	   and	  𝜀 𝜈 	   is	   the	  extinction	   coefficient	   expressed	  as	  a	   function	  of	   the	  wavenumber	   𝜈   	  of	  the	  absorbed	  radiation.	  𝜀 𝜈 	  is	  generally	  expressed	  in	  terms	  of	  M-­‐1cm-­‐1	  and	   reflects	   the	   capability	   of	   the	   medium	   to	   interact	   with	   the	   electromagnetic	   radiation	  field.	  For	  electronically	  allowed	  transitions,	  ε	  can	  be	  written	  as	  a	  superposition	  of	  Voigtian	  profiles:	  	  
𝜀 𝜈 = !!!!! !!Γ!/!!!′!!! !!Γ!! 𝑒! !!!′! /!!!!∞!!! 𝑑𝜈	   	   (2.2)	  	  where	  	   𝑓! = 𝐴!𝜈! 𝑙 𝜇 𝑔 ! = 𝐴!𝜈! 𝜓!∗𝜇𝜓!𝑑!𝑟 !	   	   	   (2.3)	  	  is	   the	   oscillator	   strength	   of	   the	   transition	   associated	  with	   the	   electronic	   transition	   dipole	  moment	   𝜇	   induced	   by	   the	   electromagnetic	   radiation	   field.	   ψl	   and	   ψg	   are	   the	   vibronic	  
	  	  
45	  wavefunctions	   of	   the	   ground	   (|g›)	   and	   excited	   (|l›)	   states,	   respectively.	   Γl	   and	   σl	   are	   the	  halfwidths	   at	   half	   maxima	   of	   the	   Lorentzian	   and	   Gaussian	   profiles	   associated	   with	   the	  excitation	  of	   the	  excited	  state	   |l›.102	  The	  halfwidth	  of	   the	  Lorentzian	  profile,	  Γl,	   reflects	   the	  natural	  lifetime	  and	  dephasing	  of	  the	  excited	  state.119	  The	  halfwidth	  of	  the	  Gaussian	  profile,	  σl,	   contains	  a	  static	   term	  due	   to	   the	   inhomogeneous	  broadening,	  and	  a	  dynamic	   term	  that	  describes	  the	  electronic	  transition	  coupling	  of	  the	  ground	  state	  (|g›)	  with	  the	  excited	  states	  (|l›).120	   Aε	   is	   a	   constant	   dependent	   on	   the	   chosen	   unit	   system,	   and	   the	   transition	   dipole	  moment	  is	  described	  as	  	   	  	   	   	   	   	   μ = 𝑒𝑟!! 	   	   	   	   	   (2.4)	  	  where	  e	  is	  the	  elementary	  charge	  and	  𝑟	  is	  the	  coordinate	  of	  the	  i-­‐th	  electron	  with	  respect	  to	  an	   arbitrary	   coordinate	   system.	   In	   the	   absence	   of	   interstate	   vibronic	   coupling,	   the	  vibrational	   contributions	   to	   optical	   transitions	   described	   by	   eq.	   (2.4)	   are	   generally	  described	  by	  Franck-­‐Condon	  overlap	  integrals,	  which	  can	  be	  factored	  out	  of	  the	  transition	  dipole	  matrix	  element	  if	  the	  Born-­‐Oppenheimer	  approximation	  applies.	  	  	  
2.1.1	  Visible	  Absorption	  The	   visible	   absorption	   spectrum	   of	   cytochrome	   c	   can	   provide	   valuable	   information	  regarding	   the	   ligation	   of	   the	   heme	   and	   its	   interactions	   with	   neighboring	   amino	   acid	  residues.	   The	   visible	   absorption	   spectrum	   is	   dominated	   by	   electronic	   πàπ*	   transitions,	  which	  give	   rise	   to	   two	  or	   three	  absorption	  bands	  dependent	  on	   the	  oxidation	  state	  of	   the	  heme.	   	  Ferrocytochrome	  c	   has	   three	  bands	   (shown	   in	  Figure	  2.1):	  B	   and	  Q0.	   	  The	  Q0-­‐band	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  (~565	   nm)	   intensity	   is	   purely	   a	   product	   of	   the	   0	   à0	   transition	   between	   the	   lowest	  vibrational	  ground	  state	  of	  the	  electronic	  ground	  state	  into	  the	  vibrational	  ground	  state	  of	  the	  excited	  Q	  state,	  while	  Qv	  (~530	  nm)	  is	  a	  product	  of	  transitions	  into	  the	  first	  vibrational	  state	  of	  heme	  macrocycle	  oscillators	  in	  the	  excited	  Q	  state.	  Nearly	  90%	  of	  the	  Qv-­‐oscillator	  strength	   is	   produced	   by	   Herzberg-­‐Teller	   coupling	   between	   excited	  Q-­‐	   and	   B-­‐states.121	   In	  ferricytochrome	  c,	  only	  one	  Q-­‐band	  is	  observed,	  which	  can	  be	  decomposed	  into	  a	  broad	  Q0	  and	  with	  multiple	  vibronic	  Qv	  contributions.118,122	  The	  B-­‐band	  region	  (~350-­‐410	  nm)	  can	  be	  treated	   similarly	   with	   regard	   to	   the	   intense	   B0-­‐band	   that	   results	   from	   the	   pure	   0à0	  electronic	  transition	  and	  vibronic	  contributions	  from	  0	  à1	  transitions.102,118	  Contrary	  to	  the	  underlying	  mechanism	   constituting	   the	  Qv-­‐band,	  Bv	   is	   dominated	   by	   Franck-­‐Condon	   type	  intrastate	  vibronic	  coupling	  mechanism.120,122–124	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Figure	  2.1.	  Oxidized	  (red)	  and	  reduced	  (blue)	  cytochrome	  c	  absorption	  bands,	  illustrating	  the	  Q-­‐	  and	  B-­‐	  band	  contributions.102	  	  	  	  
2.1.1.1	   Four	   -­‐	   Orbital	   Model.	   In	   order	   to	   further	   describe	   the	   absorption	   spectra	   of	  metalloporphyrins	  in	  heme	  proteins,	  Gouterman’s	  four	  orbital	  model	  must	  be	  invoked.125,126	  This	   model	   assumes	   D4h	   symmetry	   for	   the	   porphyrin,	   which	   neglects	   any	   symmetry-­‐lowering	   perturbations	   caused	   by	   peripheral	   substituents,	   axial	   ligands,	   or	   the	   protein	  environment.	  The	  absorption	  bands	   in	  metalloporphyrins	  are	  produced	  by	   the	   transitions	  between	  two	  of	  the	  highest	  occupied	  π-­‐electron	  molecular	  orbitals	  (HOMO),	  which	  exhibit	  
A2u	   and	  A1u	   symmetry,	   and	   two	   twofold	   degenerate	   lowest	   unoccupied	  molecular	   orbitals	  (LUMO),	  which	  exhibit	  Eg	  -­‐	  symmetry.	  	  	  
	  	  
48	  In	  order	  to	  take	  into	  account	  the	  electron	  –	  electron	  interactions,	  the	  Schrödinger	  equation	  was	  augmented	  to	  include	  single	  excitation	  configurational	  interaction	  describable	  by	  a	  two	  -­‐	   electron	   operator	   which,	   reflects	   the	   Coulomb	   interaction.	   This	   term	   describes	   the	  coupling	  of	  excited	  electron	  configurations	  related	  to	  the	  same	  symmetry.	  The	  four-­‐electron	  configurations	  constituted	  by	  the	  electronic	  transitions	  between	  the	  two	  HOMOs	  and	  LUMO	  can	  be	  expressed	  by	  the	  following	  state	  vector:	  	  
|𝑢 = 𝑢!𝑢!𝑢!𝑢! =
𝐴!!𝐸!"𝐴!!𝐸!"𝐴!!𝐸!"𝐴!!𝐸!" 	  	   	   	   (2.5)	  	  Here,	   the	   notation	   |𝐴!!𝐸!" 	  means	   that	   one	   electron	   has	   been	   transferred	   from	   the	  A1u	   -­‐	  HOMO	   to	   the	   x-­‐component	   of	   the	  Eg	   –	   LUMO.	  Note	   that	   each	   of	   these	   single	   excited	   state	  functions	   are	   Slater	   determinants	   reflecting	   the	   solution	   of	   Hatree-­‐Fock	   equations.	   If	   one	  assumes	   that	   A1u-­‐	   and	   A2u-­‐orbitals	   are	   accidentally	   degenerate127,	   the	   mixing	   of	   the	   two	  degenerate	  configurations	   is	  50:50,	   thus	  giving	  rise	   to	   two	   two-­‐fold	  degenerate	  electronic	  states	  (B	  and	  Q).	  The	  50:50	  mixing	  of	  the	  degenerate	  configurations	  is	  shown	  below	  	   𝑄!!𝑄!!𝐵!!𝐵!! =
!!
|𝐴!!𝐸!" + |𝐴!!𝐸!"|𝐴!!𝐸!" − |𝐴!!𝐸!"|𝐴!!𝐸!" − |𝐴!!𝐸!"|𝐴!!𝐸!" + |𝐴!!𝐸!" 	   	   	   (2.6)	  	  	  In	  the	  summed	  D4h-­‐symmetry,	  the	  respective	  wavefunctions	  transform	  like	  the	  irreducible	  representation	   Eu	   in	   D4h	   symmetry.	   This	   A1u/A2u	   degeneracy	   causes	   the	   B-­‐band	   to	   gain	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  intensity	   at	   the	   expense	  of	   the	  Q-­‐band,	  where	   the	  Q-­‐state	   transition	   carries	  practically	  no	  oscillator	   strength	   but	   obtains	   most	   of	   its	   intensity	   from	   vibronic	   coupling.	   The	   energy	  separation	  of	  the	  two	  coupled	  electronic	  oscillators	  is	  defined	  as	  	  	  	   Δ𝐸 = 𝐸!! − 𝐸!! = 2𝛿	   	   	   	   (2.7)	  	  where	  δ	  is	  the	  configurational	  interaction	  energy.	  	  	  In	  most	  heme	  protein	  and	  metalloporphyrin	  systems,	  the	  intensity	  of	  the	  Q-­‐band	  is	  stronger	  than	  predicted	  by	   the	  above	  50:50	  mixing	  model.	   In	  reality,	  however,	   the	   two	  HOMOs	  are	  rarely	   accidentally	   degenerate	   which	   causes	   the	   50:50	   mixed	   states	   to	   unmix.	   As	   a	  consequence,	   the	   transition	   into	   the	   excited	  Q0-­‐	   state	   gains	   oscillator	   strength.	   The	   states	  produced	  by	  unmixing	  perturbations	  can	  be	  described	  by	  the	  following	  	   	   	   	  	   |𝑄!,! = cos 𝑣 𝑄!,!! − sin 𝑣 𝐵!,!! 	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.8)	  |𝐵!,! = sin 𝑣 𝑄!,!! + cos 𝑣 𝐵!,!! 	  	  where	   the	   x-­‐	   and	   y-­‐	   components	   describe	   the	   directions	   of	   the	   two	   transition	   dipole	  moments	  of	  the	  twofold	  degenerate	  Eu	  transitions.	  v	  is	  the	  unmixing	  factor	  and	  is	  written	  as	  	  	  
𝜐 = arctan !!!!!!!!!!! 	   	   	   	   (2.9)	  
	  
	  	  
50	  where	  𝛿!!! 	  is	  an	  electron	  symmetric	  perturbation	  of	  the	  heme.	  This	  reflects	  the	  coupling	  of	  the	   50:50	  mixed	   states	   due	   to	   electronic	   energy	   changes	   caused	   by	   normal	   deformations	  along	  the	  A1g	  symmetry	  coordinate,	  which	  can	  be	  induced	  by	  deformations	  of	  the	  heme.	  This	  perturbation	   increases	   the	   energy	   separation	   between	   the	   B0	   and	   Q0	   bands	   and	  redistributes	  oscillator	  strength	  from	  the	  B0	  to	  Q0	  transition.	  	  	  
2.1.1.2	  Vibrational	   contributions.	  The	  vibronic	   side	  bands	   in	   the	  absorption	   spectra,	  which	  are	  denoted	  as	  Qv	  and	  Bv	  in	  Figure	  2.1,	  result	  from	  0	  à1	  transitions	  from	  the	  electronic	  and	  vibrational	  ground	  states	  to	  the	  first	  excited	  state	  of	  various	  vibrational	  modes	  of	  the	  heme	  macrocycle	  in	  the	  electronic	  states	  Q	  and	  B.120,128,129	  These	  sidebands	  result	  from	  inter-­‐	  and	  intra-­‐state	   vibronic	   coupling	   of	   two	   of	   the	   lowest	   energy	   excited	   states,	   which	   can	   be	  described	   by	   Franck-­‐Condon,	   Jahn-­‐Teller	   and	  Herzberg-­‐Teller	   coupling.47,121,130	   For	   the	  Q-­‐	  and	  B-­‐states	   of	   cytochrome	   c,	   the	   vibronic	   coupling	   transfers	   the	   intensity	   of	   the	  B-­‐band	  into	   the	   vibronic	   sideband	   of	   the	   Q-­‐state,	   leading	   to	   more	   than	   80%	   of	   the	   Qv	   band	  intensity.121,131	  	   	  
2.1.2	  Absorption	  Bands	  for	  Ligation	  States	  of	  Cytochrome	  c	  The	  Soret	  (B)	  band	  region	  of	  the	  absorption	  spectrum	  can	  allow	  for	  insight	  into	  the	  ligation	  state	  of	  the	  heme	  iron.	  In	  the	  work	  that	  is	  to	  follow	  this	  chapter,	  obtaining	  the	  wavelength	  of	  this	  Soret	  absorption	  band	  at	  its	  maximum	  intensity	  allows	  for	  us	  to	  discriminate	  different	  ligation	  states	  of	  partially	  unfolded	  cytochrome	  c.	  In	  the	  oxidized	  native	  state	  of	  cytochrome	  
c,	  the	  maximum	  of	  the	  Soret	  band	  is	  at	  409	  nm,	  where	  Fe3+	  is	  in	  a	  hexacoordinated	  low	  spin	  state,	  bound	  to	  M80	  and	  H18.	  When	  the	  protein	  remains	  in	  a	  hexacoordinated	  low	  spin	  state	  but	   loses	   its	   M80	   ligand	   to	   H33	   the	   absorption	   bands	   shifts	   to	   about	   407	   nm.	   Further	  
	  	  
51	  alterations	  to	  the	  heme	  pocket	   include	  substitution	  of	  a	  water	   ligand	  in	  the	  distal	  position	  leading	   to	  an	  absorption	  band	  at	  400.5	  nm.	  A	   shift	   in	   the	  absorption	  band	  below	  400	  nm	  (~394	   nm)	   is	   indicative	   of	   a	   hexacoordinated	   high	   spin	   state	   with	   the	   heme	   iron	  coordinated	  to	  a	  water	  and	  histidine	  ligand.	  The	  cleavage	  of	  one	  of	  the	  water	  ligands	  leads	  to	   a	   pentacoordinated	   high	   spin	   ferric	   species	   with	   an	   absorption	   band	   around	   400-­‐402	  nm.103	  	  
	  
2.1.3	  Charge	  Transfer	  Bands	  The	  695	  nm	  absorption	  band	  in	  the	  absorption	  spectra	  of	  oxidized	  cytochrome	  c	  is	  used	  as	  a	  spectral	   marker	   to	   probe	   the	   intactness	   of	   the	   M80	   –	   Fe	   (III)	   ligation.	   	   Theorell	   and	  Åksesson	  first	  reported	  this	  band	  and	  its	  subsequent	  disappearance	  at	  extreme	  pH	  values,	  <	  2.5	   and	   >	   9.35.	   Moore	   and	   Pettigrew	   later	   observed	   the	   695	   nm	   absorption	   band	   in	  histidinyl-­‐methionyl-­‐	   Fe	   coordination,	   however	   the	   band	   was	   absent	   in	   bis-­‐histidinyl	  complexes.	   Initially,	   Eaton	   and	   Hochstrasser	   assigned	   the	   band	   to	   an	   A2u(poryphrin)	  à	  
A1g(dz2)	  Fe	  charge	  transfer	  transition.132	  Only	  years	  later	  was	  this	  view	  revised	  and	  the	  695	  nm	  band	  assigned	   to	   the	  methionine	  80’s	  S	   (pz)	  à	   Fe3+	   (dxy)	   charge	   transfer	   transition	  by	  McKnight	   et.	   al.133	   In	   the	   absorption	   spectrum	   of	   the	   fully	   folded	   state	   of	   oxidized	  cytochrome	  c,	  the	  695	  nm	  band	  is	  present	  since	  in	  the	  native	  form	  of	  the	  protein	  the	  iron	  is	  ligated	  to	  a	  methionine.	  As	  the	  protein	  unfolds	  and	  the	  M80	  becomes	  dissociated	  from	  the	  heme,	  the	  695	  nm	  band	  disappears.	  This	  marker	  can	  therefore	  be	  used	  to	  track	  changes	  of	  the	  axial	  ligand	  owing	  to	  the	  folding	  and	  unfolding	  of	  the	  tertiary	  structure	  of	  the	  protein	  in	  the	  proximity	  of	   the	  heme	   iron.	  Studies	  performed	   in	  our	   laboratory	  showed	  that	   the	  695	  nm	   band	   is	   asymmetric	   and	   can	   be	   decomposed	   into	   up	   to	   three	   subbands,	   assigned	   to	  different	   conformational	   substates	   of	   the	   Fe-­‐M80	   linkage.65,134	   Cupane	   and	   coworkers	  investigated	   the	   inhomogeneity	   of	   the	   695	   nm	   band	   using	   low	   temperature	   circular	  
	  	  
52	  dichroism	   and	   also	   identified	   at	   least	   three	   sub-­‐bands	   with	   different	   conformational	  properties.135	   Increasing	   ionic	  strength	  of	  cytochrome	  c	  solutions	  affects	  the	  695	  nm	  band	  substates,	  while	  anion	  binding	  induces	  structural	  variations	  to	  the	  Fe	  –	  M80	  bond,	  including	  strengthening	  of	  the	  linkage	  that	  increases	  the	  stability	  of	  the	  native	  protein	  state.50	  We	  can	  additionally	   monitor	   the	   625	   nm	   charge	   transfer	   transition	   band	   to	   acquire	   information	  regarding	   the	   spin	   state	   of	   the	   protein.	   This	   band	   is	   assigned	   to	   an	   A2u	  à	   dxz,yz	   charge	  transfer	  transition	  from	  the	  porphyrin	  to	  the	  heme	  iron	  and	  is	  normally	  indicative	  of	  a	  high	  spin,	  hexacoordinated	  species.136	  Additionally,	  the	  appearance	  of	  the	  625	  nm	  band	  has	  been	  shown	  to	  indicate	  the	  possible	  existence	  of	  a	  quantum	  mixed	  state.	  A	  quantum	  mixed	  state	  requires	   that	   a	   low-­‐lying	   high	   spin	   state	   and	   higher-­‐lying	   intermediate	   state	   mix,	   which	  decreases	   the	  energy	  difference	  of	   the	   two	  states	   to	   the	  same	  magnitude	  of	   the	  spin-­‐orbit	  coupling	  energy.137	  	  	  
2.2	  CIRCULAR	  DICHROISM	  Circular	  dichroism	   (CD)	   is	   a	   valuable	   tool	   for	  probing	   the	   structure	  of	   proteins	   since	   it	   is	  considered	   a	   measure	   of	   chirality	   which	   can	   lead	   to	   information	   regarding	   the	   heme	  environment.	   Traditionally,	   the	   heme	  macrocycle	   can	   be	   assumed	   to	   be	   an	   achiral	   center	  due	   to	   its	   D4h	   symmetry.	   However,	   the	   nonplanarity	   induced	   by	   the	   surrounding	   protein	  environment	   breaks	   the	   inversion	   center	   that	   induces	   CD.138	   Circular	   dichroism	   is	   the	  difference	   in	   absorption	   of	   left	   (L)	   and	   right	   (R)	   circularly	   polarized	   light.	   It	   can	   also	   be	  described	   as	   the	   difference	   in	   extinction	   coefficients,	   which	   is	   shown	   by	   the	   following	  equation	   	  
	  	  
53	  	   	   Δ𝜀 𝜐 = 𝐴! 𝜐 − 𝐴! 𝜐 = 𝜀! 𝜐 − 𝜀! 𝜐 ∙ 𝑙 ∙ 𝑐	   	   	   (2.10)	  	  CD	   requires	   an	   external	   electromagnetic	   field	   to	   induce	   a	   magnetic	   transition	   dipole	  moment	  to	  couple	  the	  excited	  (l)	  and	  ground	  (g)	  states	  involved	  in	  the	  electronic	  transition	  of	  the	  corresponding	  absorption	  band.	  The	  magnetic	  dipole	  moment	  can	  be	  described	  as	  	   	   	   	   	   	   𝑚 = !!!! 𝐿!! 	   	   	   	   	   (2.11)	  	  where	  me	   is	   the	   mass	   of	   the	   resting	   electron	   and	   𝐿!	   is	   the	   operator	   associated	   with	   the	  angular	  momentum	  of	  the	  i-­‐th	  electron.	  Considering	  the	  electronic	  and	  magnetic	  transition	  dipole	  moment,	  the	  effective	  oscillator	  strength	  can	  be	  written	  as:102	  	   𝑓!!,! = 𝐴!𝜐! 𝑙 𝜇 𝑔 + Im 𝑙 𝑚 𝑔 𝑙 𝜇 𝑔 − Im 𝑙 𝑚 𝑔 = 𝑓! + 𝐺! ± 2𝑅! 	  	   	   	   	   	   	   	   	   	   	   (2.12)	  	  where	  Gl	   is	   the	  oscillator	   strength	  of	   the	  magnetic	   transition	  and	   the	  magnetic	  moment	   is	  imaginary	  and	  the	  rotational	  strength	  of	  the	  transition	  is	  	   	   	   	   	   𝑅! = Im 𝑙 𝜇 𝑔 𝑙 𝑚 𝑔 	   	   	   	   (2.13)	  
	  Since	  the	  magnetic	  moment	  exhibits	  rotational	  symmetry	  the	  respective	  transition	  requires	  circularly	  polarized	  light.	  The	  difference	  between	  the	  left	  and	  right	  polarized	  light	  can	  again	  be	  written	  as	  a	  superposition	  of	  Voigtian	  profiles:	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Δ𝜀 𝜈 = !!!!! !!Γ!/!!!′!!! !!Γ!! 𝑒! !!!′! /!!!!∞!!! 𝑑𝜈	   	   (2.14)	  
	  where	  we	  have	  now	  replaced	  the	  oscillator	  strength	  of	  the	  electronic	  transition,	  fl,	  with	  the	  rotational	  strength	  of	  the	  transition,	  Rl.102	  	  
	  
	  
2.2.1	  Visible	  Circular	  Dichroism	  In	   order	   to	   study	   the	   intactness	   of	   the	   heme	   environment	   in	   cytochrome	   c,	   the	   circular	  dichroism	   in	   the	  B-­‐	   and	  Q-­‐band	   regions	   of	   the	   heme	   spectrum	   can	  be	  used	   as	   a	   sensitive	  indicator.139–143	  The	  changes	   in	  aromatic	   residues	   in	   the	  proximity	  of	   the	  heme	  group	  will	  give	   rise	   to	   different	   CD	   spectra.	   In	   the	   folded	   state	   of	   ferricytochrome	   c,	   the	   visible	   CD	  spectrum	  shows	  a	  couplet.	  This	  couplet	  is	  a	  result	  of	  the	  B-­‐band	  splitting	  which	  gives	  rise	  to	  rotational	  strengths	  (Rl)	  of	  opposite	  sign	  for	  the	  x-­‐	  and	  y-­‐	  components.	  This	  is	  visualized	  in	  Figure	  2.2.	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Figure	  2.2.	  B-­‐band	   splitting	  of	  different	   structural	   states	  of	   cytochrome	  c	   and	   their	   given	  Soret	  band	  CD	  spectra.	  
	  
	  
	  The	  electronic	  contribution	  to	  this	  the	  B-­‐band	  splitting	  is	  caused	  by	  a	  quadratic	  Stark	  effect	  due	  to	  the	  interaction	  between	  the	  heme	  macrocycle	  and	  the	  external	  electric	  field	  created	  by	   the	   distribution	   of	   charges	   in	   the	   heme	   cavity.122,134	   The	   B-­‐band	   also	   gains	   rotational	  strength	   through	  dipole	   coupling	   involving	   the	  π	   to	  π*	   transition	  of	   the	  heme	  and	  nearby	  aromatic	   amino	   acid	   residues,	   along	  with	   dipole	   coupling	   between	   the	   heme	   and	   protein	  backbone	  transitions.	  CD	  experiments	  probing	  the	  B-­‐band	  spectrum	  of	  heme	  undecapeptide	  of	  horse	  heart	  cytochrome	  c	  showed	  the	  intrinsic	  rotational	  strength	  of	  the	  heme	  group	  is	  induced	   by	   nonplanar	   deformations	   of	   the	   heme	   group,	   substantially	   increasing	   the	  rotational	  strength	  of	  the	  Bx	  and	  By	  components	  of	  the	  Soret	  band.138	  	  The	   symmetry	   lowering	   perturbations	   due	   to	   the	   heme	   environment	   lead	   to	   a	   non-­‐coincidence	  between	  the	  CD	  and	  absorption	  maxima.118	  The	  splitting	  can	  arise	  if	  the	  electric	  field	  does	  not	  exactly	  intersect	  the	  perpendicular	  transition	  dipole	  moments	  of	  the	  B-­‐	  band.	  
	  	  
56	  The	  Bx	  and	  By	  components	  of	  the	  heme	  dipole	  moment	  can	  couple	  differently	  to	  the	  protein	  environment,	   producing	   different	   rotational	   strengths	   for	   each	   component,	   while	   the	  corresponding	  absorption	  bands	  have	  approximately	   the	   same	   intensity.	   The	  effect	   of	   the	  sign	   of	   each	   component,	   which	   can	   differ	   as	   well	   as	   retain	   their	   intrinsic	   oscillator	  strength122,	  will	  be	  dependent	  on	  the	  coupling	  of	  the	  dipole	  moments.	  This	  non-­‐coincidence	  is	  shown	  in	  Figure	  2.3	  for	  deoxymyoglobin	  and	  myoglobin	  cyanide.	  Blauer	  et	  al.	  performed	  theoretical	   calculations	   to	   determine	   the	   contributions	   to	   the	   rotational	   strength	   of	   the	  Soret	  band	  in	  heme	  undecapeptide.	  As	  previously	  mentioned,	  the	  coupling	  of	  the	  heme	  π	  to	  
π*	   transition	   with	   the	   aromatic	   side	   chain	   residues	   of	   the	   protein	   provide	   a	   large	  contribution	  to	  the	  rotational	  strength.	  Pielak	  et	  al.	  supported	  this	  theory	  by	  showing	  that	  mutating	   phenylalanine	   with	   serine,	   tyrosine,	   or	   glycine	   changes	   the	   shape	   of	   the	   Soret	  band	   spectrum.	   They	   suggested	   the	   disruption	   of	   the	   interaction	   between	   the	  π-­‐electron	  system	   of	   the	   heme	   and	   phenylalanine	   is	   reducing	   the	   negative	   rotational	   strength	  contribution	  to	  the	  Soret	  band	  CD.144	  Additionally,	  Blauer	  et	  al.	  discovered	  that	  the	  heme	  π	  to	  π*	  transitions	  to	  higher	  energy	  (far	  UV)	  transitions	  also	  illustrate	  a	  relatively	  substantial	  contribution	   to	   the	   Soret	   band	   rotational	   strength.	   The	   high	   polarizability	   of	   (cysteine)	  sulfurs	   and	   amide	   groups	   in	   close	   proximity	   to	   the	   heme	   increase	   the	   coupling	   of	   the	  transitions.138	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Figure	  2.3.	  Non-­‐coincidence	  of	  absorption	  (ε)	  and	  CD	  (Δε)	  maxima	  for	  deoxymyoglobin	  (top)	  and	  myoglobin	  cyanide	  (bottom).145	  	  	  	  
2.3	  W59	  FLUORESCENCE	  To	  further	  probe	  the	  tertiary	  structure	  of	  the	  protein	  in	  relation	  to	  the	  heme	  group	  and	  the	  environment	  of	  W59,	  we	  utilized	  tryptophan	  fluorescence	  spectroscopy	  for	  our	  studies.	   In	  particular,	  the	  interaction	  between	  the	  heme	  and	  the	  sole	  tryptophan	  (W59)	  of	  cytochrome	  
c	  can	  be	  studied,	  which	  is	  seen	  in	  Figure	  2.4.	  Förster	  Resonance	  Energy	  Transfer	  (FRET)	  is	  a	  fluorescence	   process	   that	   is	   used	   to	   obtain	   distances	   and	   distance	   distributions	   between	  chromophores	   in	   or	   chromophoric	   labels	   attached	   to	   functional	   groups	   in	   proteins	   by	  measuring	   the	   non-­‐radiative	   energy	   transfer	   between	   an	   acceptor	   and	  donor	  molecule	   in	  
	  	  
58	  close	  proximity	  of	  one	  another.	  Initially,	  a	  donor	  fluorophore	  is	  excited	  by	  incident	  light,	  and	  if	  an	  acceptor	  fluorophore	  is	  nearby,	  the	  excited	  state	  energy	  of	  the	  donor	  molecule	  can	  be	  transferred.	   This	   transfer	   occurs	   through	   long	   range	   dipole-­‐dipole	   coupling	   where	   the	  excited	   fluorophore	   is	   treated	   like	  an	  oscillating	  dipole	   that	  can	  undergo	  energy	  exchange	  with	  a	  second	  dipole	  that	  has	  a	  similar	  resonance	  frequency.	   	  The	  energy	  transfer	  rate,	  kT,	  can	  be	  described	  by	  the	  following	  equation	  	  
	   	   	   	   	   𝑘! = !!! !!! !	   	   	   	   	   (2.15)	  	  where	  τD	   is	  the	  donor	  molecule’s	   lifetime	  in	  the	  absence	  of	  the	  acceptor,	  R0	   is	  the	  distance	  between	   the	   donor	   and	   acceptor	   when	   the	   energy	   transfer	   efficiency	   is	   50%	   (Förster	  radius)	  of	  the	  excitation	  energy	  of	  the	  donor	  transferred	  to	  the	  acceptor	  fluorophore,	  and	  r	  is	   the	   distance	   between	   the	   donor	   and	   acceptor	  molecules.	   The	   rate	   is	   dependent	   on	   the	  efficiency	  of	  energy	  transfer	  and	  therefore	  the	  distance	  between	  the	  donor	  and	  acceptor.146	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Figure	  2.4.	  Cartoon	  of	  cytochrome	  c	  illustrating	  the	  proximity	  of	  the	  tryptophan	  59	  residues	  (yellow)	  to	  the	  heme	  group	  (grey)	  and	  iron	  (red).	  Methionine	  80	  is	  shown	  in	  silver	  and	  histidine	  18	  in	  teal.	  
	  
	  
	  FRET	  can	   therefore	  be	  used	   to	  probe	   the	  partial	  unfolding	  of	  cytochrome	  c.	  Under	   folding	  conditions,	  the	  Förster	  radius	  between	  the	  tryptophan	  59	  residue	  (donor)	  and	  cytochrome	  c	  (acceptor)	   is	   rather	   small	   (10	   Å)147,	   and	   the	   W59	   fluorescence	   	   is	   therefore	   mostly	  quenched.	   This	   leads	   to	   little	   fluorescence	   intensity	   in	   the	   fluorescence	   spectrum.	   As	   the	  protein	   unfolds,	   the	   distance	   between	   the	   heme	   and	   the	   tryptophan	   increases,	   and	   the	  energy	   transfer	   between	   the	   heme	   acceptor	   and	   the	   tryptophan	   donor	   can	   no	   longer	  efficiently	  quench	  the	  fluorescence.	  	  As	  a	  consequence,	  an	  increase	  in	  fluorescence	  intensity	  is	  observed.	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2.4	  FLUORESCENCE	  ANISOTROPY	  Fluorescence	  anisotropy	  can	  be	  used	  to	  probe	  the	  structural	  flexibility	  of	  a	  fluorophore	  due	  to	  the	  environment	  in	  a	  protein.	  Anisotropy	  is	  the	  property	  of	  being	  directionally	  dependent	  which	  can	  be	  described	  by	  the	  following	  equation	  	  
	   	   	   	   	   𝑟! = |∥!|!|∥!!|!	   	   	   	   	   (2.16)	  	  where	   |∥ 	   is	   the	   emission	   intensity	   parallel	   to	   the	   excitation	   plane	   and	   |!	   is	   the	   emission	  intensity	  perpendicular	  to	  the	  excitation	  plane.	  	  Different	  physical	  properties	  of	  a	  molecule	  can	   be	   elucidated	   depending	   on	   which	   axis	   the	   molecule	   is	   probed	   along.	   In	   regards	   to	  fluorescence	  anisotropy,	  all	  fluorophores	  have	  transition	  moments	  that	  occur	  along	  specific	  directions	   in	   the	  molecular	   axis	   that	   can	   be	   probed	   via	   fluorescence	   spectroscopy.	  When	  exposed	  to	  polarized	   light,	   the	  randomly	  oriented	   fluorophores	  that	  have	  their	  absorption	  transition	   moments	   oriented	   around	   the	   angle	   of	   the	   incident	   light	   will	   be	   excited.	  Therefore	   the	   excited	   state	   population	   is	   partially	   oriented.	   Anisotropy	   measurements	  determine	   the	   average	   angular	   displacement	   of	   a	   fluorophore	   that	   occurs	   between	   the	  absorption	   and	   emission	   of	   photon.	   Angular	   displacement	   is	   dependent	   on	   the	   rate	   and	  extent	   of	   rotational	   diffusion	  during	   the	   lifetime	  of	   the	   excited	   state.	   The	  Perrin	   equation	  relates	  the	  anisotropy,	  rs,	  to	  the	  rotational	  diffusion	  constant,	  Dτ,	  	  and	  is	  shown	  below	  	  !!!! = 1+ !!! = 1+ 6𝐷!	   	   	   (2.17)	  
	  	  
61	  	  where	   r0	   is	   the	   anisotropy	  at	   t	   =	  0,	  τw	   is	   the	   fluorescence	   lifetime,	   and	  ϕ	   is	   the	   rotational	  correlation	   time.146	   When	   the	   fluorophore	   is	   unrestricted	   and	   allowed	   to	   freely	   rotate	  before	  re-­‐emitting	  a	  photon,	  the	  rate	  of	  rotational	  diffusion	  is	  generally	  faster	  than	  the	  rate	  of	  the	  emission	  and	  the	  anisotropy	  is	  equal	  to	  about	  zero.	  Rotational	  diffusion	  changes	  the	  direction	  of	  the	  transition	  moment	  which	  depolarizes	  the	  emission.	  The	  more	  restricted	  the	  fluorophore	   is,	   the	   larger	   the	  anisotropy	  value	  will	  be	  since	   the	  decrease	   in	   flexibility	  will	  decrease	  the	  overall	  rate	  of	  rotation.	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Chapter	  3.	  MATERIALS	  AND	  METHODS	  
	  
3.1	  Oxidized	  Protein	  Preparation	  Horse	   heart	   cytochrome	   c	   was	   purchased	   from	   Sigma-­‐Aldrich	   Co.	   (St	   Louis,	  MO)	  with	   no	  further	  purification	  and	  dissolved	  in	  25	  mM	  HEPES	  buffer	  to	  achieve	  protein	  concentrations	  of	  500	  µM	  and	  5	  µM.	  Potassium	  ferricyanide	  was	  added	  to	   the	  protein	  solution	   to	  oxidize	  any	  residual	  ferrous	  forms	  present	  in	  the	  sample.	  The	  protein	  solution	  was	  then	  titrated	  to	  pH	  7	  using	  an	  Accumer	  AR60	  bench	  top	  meter	  with	  Accumer	  micro	  size	  glass	  combination	  electrode	  (Fisher	  Scientific,	  Pittsburg,	  PA)	  and	  passed	  through	  a	  Sephadex	  G-­‐10	  column	  (GE	  Healthcare)	  to	  remove	  any	  remaining	  oxidizing	  agents	  and	  impurities.	  The	  sample	  was	  then	  readjusted	  back	  to	  pH	  7.0	  using	  small	  aliquots	  of	  0.1	  M	  NaOH.	  The	  final	  concentration	  of	  the	  cytochrome	  c	  samples	  was	  measured	  using	  Soret	  band	  absorption	  at	  410	  nm.	  
	  
3.2	  Preparation	  of	  Liposomes	  TOCL	   (1,1’2,2’-­‐Tetraoleoyl	   Cardiolipin)	   and	   DOPC	   (1,2-­‐dioleoyl-­‐sn-­‐glycero-­‐3-­‐phosphocholine)	   (Avanti	   Polar	   Lipids,	   Birmingham,	   AL)	   were	   dissolved	   in	   a	   2:1	  chloroform/methanol	  mixture.	   The	   protocol	   adopted	   for	   liposome	   preparation	   resembles	  that	  of	  Hanske	  et	  al.106	   	   Solvent	  was	  removed	  by	  rotary	  evaporation	  at	   room	  temperature	  and	   the	   remaining	   suspension	  was	   left	   to	   sit	   in	   a	   vacuum	  desiccator	  overnight.	   	  The	   lipid	  film	  was	  rehydrated	  with	  25	  mM	  HEPES	  buffer	  (pH	  7.4)	  to	  obtain	  a	  concentration	  of	  5	  mM.	  The	  mixture	  was	   then	   left	   to	   sonicate	   in	   an	   ice	   bath	   at	   100	  W	   for	   one	   to	   two	   hours.	   The	  solution	   was	   centrifuged	   for	   40	   minutes	   at	   12000	   rpm	   to	   remove	   impurities.	   The	  supernatant	  was	  removed	  and	  left	  to	  stabilize	  overnight.	  All	  liposome	  solutions	  were	  stored	  under	  nitrogen	  to	  prevent	  any	  oxidation.	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3.3	  Preparation	  of	  Cytochrome	  c-­‐Liposome	  Samples	  Liposomes	  were	  first	  diluted	  to	  the	  required	  concentration	  using	  25	  mM	  HEPES	  buffer	  (pH	  7.4).	  The	  concentration	  of	  cytochrome	  c	  in	  all	  experiments	  was	  5	  μM.	  Experiments	  involving	  NaCl	  were	  prepared	  by	  adding	  aliquots	  of	  NaCl	   to	  the	   liposome-­‐protein	  mixtures	  until	   the	  final	   salt	   concentration	   was	   achieved.	   Each	   liposome-­‐protein	   mixture	   was	   made	  individually	  for	  the	  desired	  lipid/protein	  ratios.	  
	  
3.4	  Electronic	  Circular	  Dichroism	  Spectroscopy	  Spectra	  were	  obtained	  using	  a	  Jasco	  J810	  Spectropolarimeter,	  which	  was	  purged	  and	  cooled	  with	  gaseous	  nitrogen.	  Aqueous	  cytochrome	  c	  -­‐	  liposome	  solutions	  were	  measured	  with	  a	  1	  cm	   quartz	   cell	   purchased	   from	   International	   Crystal	   Laboratories	   (Gardfield,	   NJ).	   The	  spectra	   were	   measured	   in	   the	   range	   from	   300-­‐800	   nm	   with	   a	   scanning	   speed	   of	   500	  nm/min,	  a	  data	  pitch	  of	  0.05	  nm,	  a	  bandwidth	  of	  5	  nm,	  and	  a	  response	  time	  of	  0.5	  seconds.	  Five	  spectra	  were	  accumulated	  per	  sample	  at	  20˚	  Celsius.	  The	  temperature	  was	  controlled	  with	   a	   Peltier	   solid-­‐state	   heating	   and	   cooling	  module.	   All	   spectra	  were	   solvent-­‐corrected	  using	  the	  Jasco	  spectral	  analysis	  program.	  	  
3.5	  Dynamic	  Light	  Scattering	  Particle	  radii	  measurements	  were	  obtained	  using	  a	  Horiba	  Lb-­‐500	  Dynamic	  Light	  Scattering	  Particle	  Size	  Analyzer	  (Edison,	  NJ).	  A	  10	  mm	  path-­‐length	  quartz	  cuvette	  was	  used	  to	  collect	  data	  at	  room	  temperature.	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3.6	  Fluorescence	  Spectroscopy	  Fluorescence	   measurements	   were	   performed	   at	   room	   temperature	   using	   10	   mm	   path-­‐length	  quartz	  cuvettes	  using	  a	  Perkin	  Elmer	  LS55	  Luminescence	  Spectrometer.	  Unpolarized	  excitation	  spectra	  were	  measured	  between	  300-­‐550	  nm	  with	  293	  nm	  excitation	  wavelength	  and	  a	  scanning	  speed	  at	  200	  nm/min.	  Polarized	  fluorescence	  measurements	  were	  obtained	  at	   340	   nm	   with	   an	   integration	   time	   of	   10	   seconds.	   For	   both	   polarized	   and	   unpolarized	  measurements,	  an	  excitation	  slit	  width	  at	  5.0	  nm	  and	  an	  emission	  slit	  width	  at	  2.5	  nm	  were	  used.	  	  All	  spectra	  were	  baseline	  corrected	  using	  the	  program	  MULTIFIT.47	  	  
3.7	  Visible	  Absorption	  Absorption	  measurements	  were	  performed	  at	  room	  temperature	  using	  10	  mm	  path-­‐length	  quartz	   cuvettes	   using	   a	   Perkin	   Elmer	   Lambda	   35	   UV/Vis	   Spectrometer.	   Spectra	   were	  measured	  between	  500-­‐800	  nm	  with	  an	  excitation	   slit	  width	  at	  2.0	  nm.	   	  All	   spectra	  were	  baseline	   corrected	   using	   the	   program	   MULTIFIT.47	   Both	   the	   protein	   and	   liposomes	  concentrations	  were	  increased	  by	  an	  order	  of	  magnitude	  to	  obtain	  usable	  spectra.	  	  
3.8	  Quenching	  of	  Tryptophan	  Fluorescence	  Fluorescence	   quenching	   experiments	   were	   performed	   at	   room	   temperature	   by	   adding	  aliquots	   of	   acrylamide	   stock	   solution	   (in	   25	  mM	  HEPES	   buffer).	   Tryptophan	   fluorescence	  spectra	  were	  recorded	  using	  a	  Perkin	  Elmer	  LS55	  Luminescence	  Spectrometer	  with	  10	  mm	  path-­‐length	   quartz	   cuvettes.	   Emission	   spectra	  were	  measured	   between	   300-­‐550	   nm	  with	  293	  nm	  excitation	  wavelength	  and	  a	  scanning	  speed	  at	  200	  nm/min.	  An	  excitation	  slit	  width	  at	   5.0	   nm	   and	   an	   emission	   slit	   width	   at	   2.5	   nm	   were	   used.	   	   All	   spectra	   were	   baseline	  corrected	   for	   the	   acrylamide	   concentrations	   with	   or	   without	   lipid	   using	   the	   program	  MULTIFIT47.	  The	  protein	  concentration	  was	  5	  µM.
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CHAPTER	  4.	  COEXISTENCE	  OF	  NATIVE	  –	  LIKE	  AND	  NON	  –	  NATIVE	  PARTIALLY	  
UNFOLDED	   FERRICYTOCHROME	   C	   ON	   THE	   SURFACE	   OF	   CARDIOLIPIN	   –	  
CONTAINING	  LIPOSOMES	  
	  Reproduced	  in	  part,	  from	  	  1.	  L.A.	  Pandiscia	  and	  R.	  Schweitzer-­‐Stenner.	  “Coexistence	  of	  Native-­‐like	  and	  Non-­‐Native	  Partially	  Unfolded	  Ferricytochrome	  c	  on	  the	  Surface	  of	  Cardiolipin-­‐Containing	  Liposomes”	  J.	  Phys.	  Chem.	  B,	  2014,	  119,	  1334-­‐1349.	  2.	  L.A.	  Pandiscia	  and	  R.	  Schweitzer-­‐Stenner.	  “Salt	  as	  a	  catalyst	  in	  the	  mitochondria:	  returning	  cytochrome	  c	  to	  its	  native	  state	  after	  it	  misfolds	  on	  the	  surface	  of	  cardiolipin-­‐containing	  membranes”	  Chem.	  Comm.,	  2013,	  50,	  3674.	    
4.1	  INTRODUCTION	  For	  a	   long	  period	  of	   time,	  cytochrome	  c	  has	  served	  as	  an	   ideal	  model	  system	  for	  studying	  the	   physico-­‐chemical	   aspects	   of	   electron	   transfer148	   and	   protein	   folding.55,149–152	   Over	   the	  last	  five	  to	  ten	  years,	  however,	  research	  on	  cytochrome	  c	  has	  shifted,	  driven	  by	  the	  necessity	  to	   understand	   this	   protein’s	   role	   in	   triggering	   apoptosis.78,153,154	   The	   initial	   phase	   of	   the	  apoptotic	  process	  is	  already	  clearly	  established;	  in	  order	  to	  trigger	  apoptosis	  it	  is	  necessary	  for	   cytochrome	  c	   to	   initiate	   the	   aggregation	  of	  Apaf-­‐1.155	  Very	   recent	  works	  by	   the	  Kagan	  group	   and	   others	   have	   shown	   that	   the	   protein	   is	   primed	   for	   this	   function	   by	   gaining	  peroxidase	   activity	   while	   still	   bound	   to	   the	   inner	   membrane	   surface	   of	  mitochondria.78,79,156,157	  These	  findings	  and	  indications	  for	  conformational	  changes	  induced	  by	   cytochrome	   c	   -­‐	   cytochrome	   c	   oxidase	   interactions71,158–161	   clearly	   indicate	   that	   it	   is	  necessary	  to	  identify	  and	  fully	  characterize	  the	  conformations	  that	  cytochrome	  c	  can	  adopt	  
	  	  
66	  on	  the	  surface	  of	  anionic	  phospholipid-­‐containing	  membranes,	  in	  structural	  and	  functional	  terms.	  	  
 Liposomes	   and	   less	   defined	   lipid	   dispersions	   containing	   anionic	   phospholipids	   have	   been	  used	  as	  model	  system	  for	  the	  inner	  mitochondrial	  membrane	  to	  which	  cytochrome	  c	  binds	  
in	  vivo.58,60,61,79,84–89	  Nearly	  all	  studies	  conducted	  thus	  far	  show	  that	  cytochrome	  c	  undergoes	  conformational	  transitions	  upon	  binding	  to	  the	  surface	  of	  such	  liposomes	  as	  they	  do	  upon	  binding	   to	   the	   inner	  membrane,62,79,162,163	  Moreover,	   several	   lines	  of	  evidence	  suggest	   that	  cytochrome	  c	  binding	  can	  trigger	  the	  protein’s	  insertion	  into	  the	  lipid	  membranes,	  if	  a	  major	  portion	  of	   the	  membrane	   surface	   is	   covered	  by	  proteins.87,88,90	   Even	   though	   cytochrome	  c	  binding	  to	  anionic	  lipids	  in	  general	  and	  to	  cardiolipin	  in	  particular	  has	  been	  studied	  with	  a	  plethora	   of	   experimental	   techniques,	   a	   clear	   and	   consistent	   picture	   has	   yet	   to	   emerge.	   A	  thorough	   understanding	   of	   how	   the	   binding	   to	   lipid	   surfaces	   changes	   the	   structure	   (and	  function)	   of	   cytochrome	   c	   is	   of	   utmost	   physiological	   relevance.	   In	   the	   inner	   membrane	  space	  of	  intact	  mitochondria,	  the	  ionic	  strength	  is	  rather	  high	  and	  electrostatic	  interactions	  are	  diminished,	  so	  that	  hydrophobic	  forces	  could	  become	  relevant.	  Generally,	  this	  allows	  the	  protein	  to	  diffuse	  in	  three	  dimensions.71	  	  	  The	   goal	   of	   this	   study	   is	   aimed	   at	   determining	   and	   characterizing	   different	   modes	   of	  cytochrome	   c	   –	   anionic	   liposome	   interactions	   in	   the	   presence	   and	   absence	   of	   different	  concentrations	   of	   NaCl	   and	   for	   a	   broad	   range	   of	   liposome	   occupations	   by	   combining	  different	  spectroscopic	  tools.	  In	  a	  first	  step,	  we	  explore	  the	  binding	  of	  oxidized	  cytochrome	  c	  to	   a	   20%/80%	   mixture	   of	   TOCL	   and	   DOPC.	   This	   lipid	   mixture	   resembles	   physiological	  conditions	  with	  regard	  to	  the	  cardiolipin	  content	  of	  the	  liposome’s	  lipid	  bilayer	  and	  the	  used	  maximal	  NaCl	   concentration.	  A	   dominance	   of	   a	   lamellar	   bilayer	   phase	   can	  be	   expected	   at	  
	  	  
67	  these	   conditions.164	   Fluorescence	   binding	   data	   analyzed	   by	   Trusova	   et	   al.	   suggest	   some	  segregation	   of	   very	   low	   fractions	   of	   cardiolipin	   into	   lipid	   domains,	  which	   increases	   upon	  addition	  of	  NaCl.164	  In	  our	  studies	  we	  varied	  the	  cardiolipin	  concentration	  over	  a	  range	  from	  0	  to	  200	  µM,	  which	  is	  comparable	  to	  what	  was	  used	  by	  Hanske	  et	  al.106	  	  but	  exceeds	  by	  far	  the	  range	  chosen	  by	  Sinibaldi	  et	  al.104	  The	  concentration	  of	  the	  protein	  allowed	  us	  to	  probe	  its	  binding	   to	   and	   interaction	  with	   liposomes	  by	  measuring	   its	  polarized	  and	  unpolarized	  fluorescence,	  visible	  circular	  dichroism	  (CD)	  and	  optical	  absorption	  spectrum	  as	  function	  of	  cardiolipin	   concentration.	   These	   spectroscopies	   probe	   the	   tertiary	   structure	   in	   slightly	  different	   but	   somewhat	   overlapping	   regions	   of	   the	   protein.	   Visible	   absorption	   and	   CD	  spectra	  are	  particularly	  suitable	  for	  probing	  the	  ligation	  state	  of	  the	  heme	  and	  the	  strength	  of	  the	  internal	  electric	  field	  in	  the	  heme	  plane.118	  	  The	  fluorescence	  of	  the	  protein	  originates	  from	   the	   sole	   tryptophan	   (W59)	   of	   the	   protein.	   It	   is	   quenched	   in	   the	   folded	   state	   due	   to	  fluorescence	   resonance	   energy	   transfer	   to	   the	   adjacent	   heme	   group,	   but	   increases	  substantially	  once	  the	  heme	  pocket	  opens	  during	  the	  unfolding	  of	  the	  protein.	  	  Steady	  state	  fluorescence	   anisotropy	   derived	   from	   polarized	   fluorescence	   intensities	   and	   acrylamide	  fluorescence	  quenching	  inform	  about	  the	  rotational	  mobility,	  the	  excited	  state	  life	  time	  and	  the	   solvent	   accessibility	   of	   the	   fluorophore.	   The	   binding	   isotherms	   obtained	   from	   our	  spectroscopic	   data	   were	   then	   subjected	   to	   a	   self-­‐consistent	   Langmuir-­‐based	  thermodynamic	   analysis,	   which	   required	   the	   consideration	   of	   at	   least	   two,	   independent,	  binding	   sites	   of	   the	   protein.	   The	   Langmuir	   isotherm	   was	   chosen	   since	   it	   is	   the	   simplest	  binding	  model	  and	  potentially	  applicable	  because	  the	  low	  CL	  percentage	  might	  prevent	  the	  formation	  of	  larger	  patches	  due	  to	  demixing.	  While	  the	  binding	  via	  the	  site	  of	  highest	  affinity	  exhibits	  limited	  unfolding	  and	  a	  rather	  intact	  heme	  environment,	  the	  other	  binding	  process	  induces	  partial	  unfolding	  of	  the	  protein	  and	  exchange	  of	  the	  distal	  ligand.	  	  Surprisingly	  the	  results	  of	  our	  analysis	  suggest	  that	  the	  addition	  of	  (up	  to)	  150	  mM	  NaCl	  inhibits	  cytochrome	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c	   binding	   via	   site	   2	   only	   to	   a	   very	   limited	   extent,	   but	   causes	   major	   structural	   changes	  towards	  a	  more	  folded	  native-­‐like	  state	  of	  the	  protein.	  	  The	  binding	  via	  site	  1,	  however,	  was	  found	  to	  be	  unaffected	  by	   the	  addition	  of	  salt.	  These	  results	   indicate	   that	  site	  1	  binding	   is	  hydrophobic	  while	  the	  thermodynamic	  and	  spectroscopic	  parameters	  obtained	  for	  binding	  at	   site	   2	   reflect	   the	   coexistence	   of	   predominantly	   hydrophobic	   and	   electrostatic	   binding	  and/or	   the	   coexistence	  of	  differently	   folded	  proteins,	   in	   line	  with	  observation	  of	  Pletneva	  and	  coworkers.105–107	  	  The   second   step   of   our   study   involves   the   dependence   of   protein   conformations   on   the  cardiolipin   content   of   our   liposomes.   Recent	   literature	   has	   suggested	   that	   as	   the	   inner	  mitochondrial	  membrane	  is	  primed	  for	  peroxidation	  of	  its	  lipids	  and	  permeabilization	  of	  its	  membrane	  wall,	  different	  physiological	  concentrations	  of	  cardiolipin	  cycle	  through	  the	  IMM.	  The	  physiological	  concentration	  of	  bound	  cardiolipin	  in	  the	  inner	  mitochondrial	  membrane,	  in	  the	  absence	  of	  reactive	  oxygen	  species	  or	  oxidative	  stress,	   is	  20%	  CL.	  However,	  there	  is	  about	  a	  70-­‐fold	  excess	  of	  cardiolipin	  for	  1:1	  stoichiometric	  binding	  to	  cytochrome	  c	   in	  the	  mitochondria.	   Additionally,	   pores	   in	   the	   mitochondria	   are	   formed	   upon	   CL	   oxidation,	  releasing	  the	  protein	  into	  the	  intermembrane	  space	  and	  therefore	  increasing	  the	  CL-­‐content	  that	   the	   protein	   sees	   in	   its	   new	   environment.73	   Changing	   the	   CL-­‐content	   allowed	   us	   to	  explore	   structural,	   and	   thus	   also	   functional,	   differences	   between	   protein	   conformations	  adopted	  with	  the	  electron	  transfer	  process’	  physiological	  relevant	  CL	  fractions	  at	  20%	  with	  conformations	  assumed	  at	  50%	  and	  100%	  CL.	  	  	  In	   a	   third	   step	   we	   analyze	   the	   spectroscopically	   obtained	   dose	   response	   data	   with	   an	  alternative	  model.	   	  This	  approach	  is	  mindful	  of	  the	  fact	  that	  the	  occupancy	  of	   liposomes	  is	  high	  particularly	  at	  low	  cardiolipin/liposome	  concentrations	  and	  that	  cytochrome	  c	  binding	  
	  	  
69	  might	   induce	   lipid	   demixing	   at	   these	   conditions.88,117	  While	   the	   Langmuir	   isotherm	  might	  provide	   a	   good	   framework	   for	   20%	   CL-­‐content	   studies,	   at	   higher	   CL-­‐contents	   the	  membrane	  surface	  can	  not	  necessarily	  be	  thought	  of	  as	  independent	  binding	  sites	  and	  thus	  we	  must	  invoke	  a	  more	  realistic	  binding	  model.	  We	  include	  the	  20%	  CL-­‐data	  in	  this	  analysis	  to	   allow	   for	   a	  direct	   comparison	  of	   experimental	   data	   taken	  of	   all	   the	   investigated	  CL/PC	  mixtures	  of	  lipids.	  	  Our	  algorithm	  departs	  from	  the	  above	  classical	  Langmuir	  model	  in	  two	  respects.	  Firstly,	  we	  followed	  Heimburg	  and	  Marsh	  in	  that	  we	  employed	  a	  formalism	  that	  considers	  entropic	  and	  protein-­‐membrane	  interaction	  energy	  contributions	  to	  the	  Gibbs	  energy.	  Binding	  isotherms	  described	  with	  this	  formalism	  are	  more	  suited	  to	  describe	  the	  continuous	  surface	  produced	  by	  higher	  cardiolipin	  contents	  of	  liposomes	  and	  the	  relative	  surface	  occupation	  by	  proteins	  at	   low	   lipid	   concentrations.	   	   	   A	   second	   modification	   of	   the	   model	   replaces	   the	   second	  binding	   site	   of	   the	   above   by   the   coexistence   of   two   conformations:   one   which   is  substantially  unfolded  and  has  a  high  fluorescence  yield  while  the  other  is  very  native-­‐like  but  not   identical   to  native  state.  Here,   the  M80   is   still   coordinated  and   the  protein  has  an  intact   heme  pocket.  Only   a   protein   in   the   later   state   can  perform  electron   transfer,  while  conformation   adopting   the   former   state   could   be   a   candidate   for   peroxidase   activity.   The  justification  for  this  model  will  be  given  in  section  4.3.2.          
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4.2	  SPECTROSCOPIC	  RESULTS	  FOR	  CYTOCHROME	  C	  BINDING	  TO	  20%	  
CARDIOLIPIN-­‐CONTAINING	  LIPOSOMES	  	  
4.2.1	  Size	  Distribution	  of	  liposomes	  A	   quantitative	   analysis	   of	   the	   fluorescence	   and	   CD	   data	   described	   below	   requires	   a	  homogeneous	   distribution	   of	   liposomes.	   We	   therefore	   used	   dynamic	   light	   scattering	   to	  probe	  the	  size	  distributions	  of	  liposome	  as	  a	  function	  of	  the	  cardiolipin	  concentration	  in	  the	  absence	  and	  presence	  of	  cytochrome	  c.	  As	  exemplified	  by	  the	  data	  shown	  in	  Figure	  4.1,	  the	  size	  distribution	  of	   liposomes	  was	   found	   to	   exhibit	   bimodal	   distributions	  with	  peaks	   at	   1	  and	  0.1	  μm	  for	  cardiolipin	  concentrations	  below	  25	  µM	  in	  the	  presence	  of	  cytochrome	  c.	  
 
 
 
 
Figure	  4.1.	  Dynamic	  light	  scattering	  data	  at	  a	  cardiolipin	  concentration	  of	  150	  µM	  prior	  to	  the	  addition	  of	  cytochrome	  c	  (left)	  and	  again	  after	  the	  addition	  of	  cytochrome	  c	  (right).	  
 
 
 In	  the	  absence	  of	  cytochrome	  c,	  however,	   the	  distribution	  peaks	  at	  5	  nm.	  On	  the	  contrary,	  single	   broad	   peaks	   positioned	   between	   30	   and	   40	   nm	   were	   obtained	   at	   cardiolipin	  concentrations	   above	   25	   µM,	   irrespective	   of	   the	   presence	   of	   cytochrome	   c	   (Figure	   4.2).	  Liposomes	  with	  diameters	  in	  the	  nm-­‐range	  between	  20	  and	  100	  nm	  are	  generally	  classified	  as	  “smaller	  unilamellar	  vesicles”	  (SUV),	  those	  with	  diameters	  between	  100	  nm	  and	  a	  few	  μm	  are	   termed	   “large	   unilamellar	   vesicles”	   (LUV),	   and	   recently-­‐produced	   species	   with	  diameters	  of	  several	  μm	  are	  characterized	  as	  “giant	  unilamellar	  vesicles”	  (GUV).164–172	  The	  
	  	  
71	  sizes	  obtained	   for	   low	  cardiolipin	   concentrations	   in	   the	   absence	  of	   cytochrome	  c	   rule	  out	  the	   formation	  of	   liposomes,	   they	  might	   instead	   indicate	   the	  presence	  of	  planar	  bilayers	  or	  inverted	  micelles.173	   	   In	   the	   case	  of	   the	   latter	   the	  observed	   interaction	  with	   cytochrome	  c	  would	  be	  hydrophobic	  in	  nature.	  These	  data	  strongly	  suggest	  that	  cytochrome	  c	  binding	  to	  the	  rather	  limited	  surface	  of	  these	  bilayers/	  inverted	  micelles	  causes	  a	  complete	  coverage	  of	  their	  surface	  or	  even	   the	   formation	  of	  double	   layers	  of	  proteins	  which	  eventually	   leads	   to	  the	   fusion	   of	   micelles	   into	   GUVs	   or	   to	   a	   clustering	   of	   micelles	   via	   protein-­‐protein	  interactions.103,174	   Apparently,	   only	   binding	   data	   obtained	   with	   the	   rather	   homogeneous	  liposome	  distributions	  obtained	  at	  higher	  cardiolipin	  concentrations	  are	  suitable	  for	  a	  more	  quantitative	  analysis	  that	  we	  are	  aiming	  at	  in	  this	  study.	  	  	  
 
 
 
 
Figure	   4.2.	   Dynamic	   light	   scattering	   data	   of	   200	   µM	   cardiolipin	   cytochrome-­‐liposome	  mixture.	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4.2.2	  Cytochrome	  c	  binding	  to	  20%	  Cardiolipin-­‐containing	  liposomes	  
4.2.2.1	  Fluorescence	  measurements.	  To	  identify	  coexisting	  modes	  of	  cytochrome	  c	  binding	  to	  CL-­‐containing	   liposomes	   and	   to	   elucidate	   the	   concomitant	   conformational	   changes	  involving	   the	   tertiary	   structure	   of	   the	   protein,	   we	   measured	   the	   tryptophan	   (W59)	  fluorescence	  of	  ferricytochrome	  c	  as	  a	  function	  of	  the	  lipid	  to	  protein	  ratio.	  The	  occurrence	  of	   this	   fluorescence	   is	   indicative	   of	   (partial)	   protein	   unfolding	   upon	   its	   binding	   to	   the	  liposome	  surface,	  previously	  discussed	  in	  Chapter	  2.	  The	  fluorescence	  spectra	  in	  Figure	  4.3	  show	  a	  very	  intense	  band	  with	  varying	  peak	  positions	  between	  330	  and	  350	  nm	  and	  a	  much	  weaker	   band	   peaking	   in	   the	   region	   between	   420	   and	   460	   nm.	   We	   assign	   the	   former	   to	  fluorescence	  (F-­‐band)	  and	  the	  latter	  to	  rather	  intense	  phosphorescence	  emission	  (P-­‐band).	  The	  occurrence	  of	  the	  latter	  is	  somewhat	  surprising	  since	  we	  did	  not	  employ	  any	  measures	  to	  deoxygenate	  the	  sample,	  normally	  a	  prerequisite	  for	  observing	  phosphorescence	  at	  room	  temperature.175	   	   We	   suspect	   that	   our	   observation	   might	   be	   in	   part	   due	   to	   a	   photolytic	  removal	  by	  the	  intense	  xenon	  lamp	  irradiation	  of	  our	  fluorescence	  spectrometer.176	  Recent	  experiments	   on	   ferricytochrome	   c	   in	   solution	   carried	   out	   in	   our	   laboratory	   revealed	   a	  strong	  pH-­‐dependence	   of	   the	  P-­‐band,	  which	   appears	   uncorrelated	  with	   the	   occurrence	   of	  the	  F	  band.98	  While	  the	  F-­‐band	  luminescence	  was	  obtained	  for	  acidic	  and	  alkaline	  states	  of	  the	  protein,	  the	  P-­‐band	  appeared	  solely	  in	  the	  emission	  spectra	  of	  the	  alkaline	  states	  IV	  and	  V.	   The	   fluorescence	   data	   in	   Figure	   4.3	   reveal	   the	   expected	   increase	   in	   tryptophan	  fluorescence	   intensity	   with	   increasing	   lipid	   concentration,	   indicating	   (a)	   an	   increasing	  number	  of	  liposome	  bound	  cytochromes	  and	  (b)	  a	  partial	  unfolding	  of	  the	  liposome	  bound	  proteins,	  which	  involves	  changes	  of	  their	  tertiary	  structure.	  	  The	  occurrence	  of	  fluorescence	  is	   indicative	  of	  at	   least	  partial	  unfolding	   that	   leads	   to	  an	   increase	  of	   the	  distance	  between	  the	  heme	  and	  W59	  and	  thus	  to	  a	  reduction	  of	  fluorescence	  quenching.40	  The	  peak	  position	  of	  the	  F-­‐band	  slightly	  blueshifts	  from	  345	  to	  342	  nm	  at	  a	  cardiolipin	  concentration	  of	  75	  µM.	  
	  	  
73	  The	  P-­‐band	  exhibits	  a	  similar	  behavior,	  which	  shows	  that	  F-­‐	  and	  P-­‐band	  emission	  are	  both	  related	  to	  W59	  excitation.	  
 
 
 
 
Figure	   4.3.	   Fluorescence	   spectra	   of	   cytochrome	   c	   –	   liposome	   mixtures	   at	   varying	  cardiolipin	   concentrations.	   This	   figure	   was	   taken	   from	   the	   paper	   of	   Pandiscia	   and	  Schweitzer-­‐Stenner.177	  	  	  	  
4.2.2.2	   Visible	   circular	   dichroism	  measurements.	  The	   fluorescence	   data	  might	   not	   reveal	   a	  complete	   picture	   since	   they	   do	   not	   reflect	   binding	   processes	   that	   induce	   only	   minor	  structural	  changes	  of	  the	  protein	  that	  do	  not	  involve	  substantial	  motions	  of	  W59	  relative	  to	  the	   heme	   plane.	   We	   therefore	   measured	   the	   CD	   spectrum	   of	   the	   Soret	   band	   region	   of	  ferricytochrome	  c	  as	  a	  function	  of	  lipid/protein	  ratio.	  Soret	  CD	  spectra	  have	  been	  shown	  to	  be	   very	   sensitive	   indicators	   of	   any	   tertiary	   structure	   changes	   that	   involve	   heme-­‐protein	  
	  	  
74	  interactions.118,122,130,134,138,178	   These	   CD	   and	   the	   corresponding	   absorption	   spectra	   of	   the	  liposome-­‐protein	  mixtures	  are	  shown	  in	  Figure	  4.4.	  The	  CD	  data	  were	  taken	  from	  a	  recent	  publication.179	   For	   the	   native,	   unbound	   protein	   (seen	   in	   red)	   the	   CD	   spectrum	   shows	   the	  well	   known	   couplet,	  which	   is	   indicative	   of	   band	   splitting	   due	   to	   the	   presence	   of	   a	   strong	  internal	  electric	  field	  and	  the	  occurrence	  of	  asymmetric	  vibronic	  perturbation	  due	  to	  heme-­‐protein	  interactions.134,180	  Upon	  the	  addition	  of	  liposomes,	  this	  couplet	  gradually	  disappears	  and	   is	   replaced	  by	  a	  positive	  Cotton	  effect	  band,	  which	   is	   indicative	  of	  a	  more	  open	  heme	  crevice	   with	   the	   M80	   containing	   Ω-­‐loop	   further	   away	   from	   the	   heme	   group.144	   	   The	  magnitude	   of	   the	   Cotton	   effect	   band	   is	   reminiscent	   of	   the	   Soret	   band	   CD	   signal,	   which	  Hagarman	   et	   al.180	   observed	   for	   the	   non-­‐native	   state	  V	   of	   ferricytochrome	   c	   and	   Soffer	   et	  al.181	  for	  a	  misfolded	  state	  of	  the	  protein	  that	  they	  could	  stabilize	  even	  at	  native	  conditions	  after	  exposing	  the	  protein	  to	  alkaline	  conditions	  at	  pH	  11.5.	  A	  similar	  change	  of	  the	  visible	  CD	   spectrum	  was	   reported	   by	   Sinibaldi	   et	   al.	   for	   ferricytochrome	   c	   binding	   to	   liposomes	  with	  100%	  cardiolipin.104	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Figure	  4.4.	  Soret	  band	  CD	  (top)	  and	  absorbance	  (bottom)	  of	  ferricytochrome	  c-­‐	  liposomes	  mixtures.	  The	  CD	  intensity	  increases	  with	  increasing	  cardiolipin	  concentrations	  from	  15	  to	  200	  µM.	  The	  red	  spectrum	  is	  native	  ferricytochrome	  c	  in	  solution.	  This	  figure	  was	  modified	  from	  the	  paper	  of	  Pandiscia	  and	  Schweitzer-­‐Stenner.177	  	  
	  	  
76	  Interactions	  between	   the	  protein	  and	   liposomes	  are	  also	   reflected	  by	   changes	  of	   the	  non-­‐coincidence	   between	   the	   peak	   positions	   of	   the	   positive	   Soret	   CD	   Cotton	   band	   and	   of	   the	  corresponding	   absorption	   band	   profile.	   Figure	   4.5	   displays	   the	   wavelength	   difference	  between	   the	   positive	   Cotton	   and	   absorption	   band	   as	   a	   function	   of	   the	   cardiolipin	  concentration.	  The	  data	  revealed	  a	  shift	  of	  the	  positive	  CD	  band	  from	  the	  high-­‐energy	  side	  of	  the	  Soret	  band	  to	  a	  redshifted	  position	  on	   the	   low	  energy	  side	  with	   increasing	  cardiolipin	  concentration,	   which	   very	   much	   seems	   to	   coincide	   with	   the	   fluorescence	   titration.	   This	  makes	   the	  CD/absorption	  spectra	  of	   the	  partially	  unfolded	  state(s)	  distinct	   from	  what	  we	  earlier	   observed	   for	  partially	  unfolded	   ferricytochrome	  c	   in	   solution,	   for	  which	   the	   above	  non-­‐coincidence	  is	  generally	  small	  or	  even	  undetectable.	  	  	  	  
	  
Figure	   4.5.	   Non-­‐coincidence	   between	   the	   wavelength	   position	   of	   the	   CD	   band	   and	   the	  absorption	  band	  of	  the	  Soret	  region	  plotted	  as	  a	  function	  of	  cardiolipin	  concentration.	  This	  figure	  was	  taken	  from	  the	  paper	  of	  Pandiscia	  and	  Schweitzer-­‐Stenner.177	  
	  	  
77	  	  Like	   the	   couplet	   observed	   for	   the	   native	   state,	   this	   pronounced	   non-­‐coincidence	   is	  indicative	  of	  the	  splitting	  of	  the	  B-­‐band	  due	  to	  electronic	  perturbations.122	  In	  the	  protein	  this	  perturbation	  is	  caused	  by	  a	  rather	  strong	  internal	  electrical	  field,	  which	  shifts	  the	  Bx-­‐	  and	  By-­‐components	   of	   the	  B-­‐band	   transition	   to	   a	   different	   extent	   due	   to	   a	   quadratic	   Stark	   effect.	  Hence,	  our	  data	  suggest	  that	  this	  electric	  field	  is	  changing	  upon	  the	  protein’s	  binding	  to	  the	  liposome	   surface.	   	   One	   possible	   reason	   could	   be	   that	   an	   electric	   field,	   created	   by	   the	  liposomal	  surface	  charges,	  overlaps	  with	  the	  electric	  field	  of	  the	  protein	  in	  the	  heme	  cavity.	  An	   increase	  of	   the	  total	  electric	   field	  strength	  would	  cause	  a	  blueshift	  of	   the	  B-­‐band.182–184	  Such	   a	   shift	   was	   indeed	   observed,	   but	   it	   is	   certainly	   in	   part	   due	   to	   a	   change	   of	   the	   axial	  ligand	  from	  M80	  to	  a	  histidine	  or	  lysine.103	  Moreover,	  an	  increase	  of	  the	  electric	  field	  alone	  would	   just	   increase	   the	   CD-­‐absorption	   non-­‐coincidence	   but	  would	   not	   affect	   its	   sign.	   The	  fact	   that	   the	   positive	   CD-­‐band	   ‘walks‘	   from	   the	   high	   to	   the	   low	   energy	   side	   of	   the	   Soret	  absorption	  band	   therefore	   suggests	   a	   reorientation	  of	   the	  electric	   field	   in	   the	  heme	  plane	  that	   involves	   a	   move	   of	   the	   electric	   field	   vector	   across	   a	   line	   connecting	   two	   of	   the	   Cm	  atoms.122	   If	   the	   vector	   coincides	  with	   the	   diagonal	   line	   of	   the	   heme,	   the	   Stark	   splitting	   is	  zero.	   For	   the	   cytochrome	   c-­‐liposome	   mixture,	   that	   seems	   to	   happen	   at	   a	   cardiolipin	  concentration	   of	   75	   µM.	   For	   high	   cardiolipin	   concentrations,	   the	   large	   non-­‐coincidence	  between	   absorption	   and	  CD-­‐band	   suggests	   that	   only	   the	   low-­‐energy	   component	   of	   the	  B-­‐band	  transitions	  carries	  substantial	  rotational	  strength,	  a	  phenomenon	  earlier	  observed	  for	  deoxymyoglobin.122	  	  	  
4.2.2.3	   Charge	   transfer	   related	   absorption.	   The	  695	  nm	  absorbance	  band	   is	   another	  probe	  capable	   of	   investigating	   changes	   of	   the	   tertiary	   structure	   of	   cytochrome	   c.	   This	   band	  measures	  the	  intactness	  of	  the	  bond	  between	  the	  methionine	  80’s	  sulfur	  atom	  and	  the	  heme	  
	  	  
78	  iron.	  As	  suggested	  by	  the	  work	  of	  Dragomir	  et	  al.,	  Verbaro	  et	  al.	  and	  Spilotros	  et	  al.,	  the	  695	  nm	  (~14290	  cm-­‐1)	  band	  was	  decomposed	  into	  three	  Gaussian	  sub-­‐bands,	  using	  our	  spectral	  analysis	   program	  MULTIFIT,	   for	   which	   the	   wavenumber	   positions	   and	   bandwidths	   were	  kept	   constant.	   An	   additional	   band	   was	   observed	   at	   625	   nm	   (~16061	   cm-­‐1)	   at	   higher	  cardiolipin	   concentrations,	   which	   is	   generally	   indicative	   of	   the	   population	   of	   a	   high	   spin	  oxidized	   state	   of	   the	   protein.	   	   The	   results	   are	   shown	   in	   Figure	   4.6.	   At	   low	   cardiolipin	  concentrations	   (300	   –	   1000	  µM),	   the	   695	   nm	  band	   is	   visible,	   indicating	   intactness	   of	   the	  M80	  –	  Fe	   (III)	  bond.	   	  Upon	   increasing	   the	   cardiolipin	   concentration,	   the	  band	  disappears,	  signifying	  an	  increasing	  population	  of	  a	  conformation	  in	  which	  the	  bond	  is	  broken.	  	  	  	  
	  
Figure	   4.6.	   695	   nm	   absorption	   band	   of	   oxidized	   cytochrome	   c	   (_____)	   in	   the	   absence	   of	  liposomes	  and	  presence	  of	  350 µM	  (________),	  500	  µM	  (-­‐-­‐-­‐-­‐-­‐),	  750 µM	  (-­‐-­‐-­‐),	  1	  mM	  (-­‐-­‐),	  and	  2	  mM	  (···)	  cardiolipin.	  The	  TOCL/DOPC	  mixture	  was	  20%/80%.	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4.2.2.4	   Fluorescence	   anisotropy	   measurements.	   We	   also	   measured	   the	   steady	   state	  anisotropy of	  the	  W59	  fluorescence	  as	  a	  function	  of	  the	  above	  lipid/protein	  ratios.	  III	  and	  I⊥	  are	   the	   intensities	   of	   the	   fluorescence	   polarized	   parallel	   and	   perpendicular	   to	   the	  polarization	  of	  the	  exciting	  light.	  The	  relationship	  between	  rS	  and	  the	  rotational	  correlation	  time	  Φ	   is	   generally	   described	   by	   the	   Perrin	   equation.	   Figure	   4.7	   depicts	   the	   obtained	   rS-­‐values	  observed	  at	  340	  nm	  as	  a	   function	  of	  cardiolipin	  concentration.	   	  For	  concentrations	  above	  25	  µM,	  all	  the	  values	  lie	  between	  0.1	  and	  0.13,	  thus	  indicating	  a	  rather	  mobile	  W59	  residue	   irrespective	  of	   the	   lipid/protein	  ratio.	   	  Variations	  of	  rS	  with	   increasing	  cardiolipin	  concentration	   are	   within	   the	   limit	   of	   uncertainty.	   	   The	   rS-­‐value	   for	   the	   unbound	   folded	  cytochrome	  c	  is	  difficult	  to	  determine	  experimentally,	  because	  the	  unquenched	  fluorescence	  intensity	  of	  W59	  is	  very	  low.	  However,	  one	  can	  safely	  assume	  that	  rs	  is	  not	  much	  lower	  than	  the	   r0	  value	   of	   0.4	   (as	   obtained	   if	   the	   angle	   between	   absorption	   and	   emission	  moment	   is	  zero)	  based	  on	  the	   following	  argument.	  The	   lifetime	  of	   the	  quenched	  W59	  fluorescence	   in	  the	  folded	  state	  of	  the	  protein	  can	  be	  expected	  to	  be	  an	  order	  of	  magnitude	  shorter	  (~12	  ps)	  than	  that	  of	  the	  respective	  unquenched	  fluorescence	  in	  apocytochrome	  c.185	  	  The	  rotational	  correlation	  time	  Φ	  is	  approximately	  5.1	  ns186,	  provided	  that	  the	  rotation	  of	  W59	  residues	  is	  severely	  restricted,	  which	  can	  be	  expected	  to	  be	  the	  case	  in	  folded	  cytochrome	  c,	  where	  it	  is	  hydrogen	  bonded	  to	  one	  of	  the	  heme	  propionic	  acid	  peripheral	  substituents.187	  	  The	  lower	  rs	  values	   observed	   in	   the	   presence	   of	   liposomes	   reflect	   the	   increased	   lifetime	   of	   the	   W59	  fluorescence	   in	  membrane	  bound	  proteins	   as	  well	   as	   the	   increased	   side	   chain	  mobility	  of	  the	  residue.188	  The	  observed	  reduction	  of	  rS	  indicates	  a	  (maximal)	  τ/Φ	  ratio	  of	  ≈	  2.3.	  	  A	  more	  detailed	  discussion	  of	  the	  anisotropy	  data	  will	  occur	  later	  in	  the	  chapter.	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Figure	   4.7.	   Fluorescence	   anisotropy	   of	   W59	   fluorescence	   of	   5µM	   ferricytochrome	   c	  obtained	   at	   340	   nm	   plotted	   as	   function	   of	   cardiolipin	   concentration.	   This	   figure	   was	  modified	  from	  the	  paper	  of	  Pandiscia	  and	  Schweitzer-­‐Stenner.177	  	  	  	  	  
4.2.2.5	   Fluorescence	   quenching	   experiments.	   In	   order	   to	   gain	   information	   regarding	   the	  degree	   of	   solvent	   exposure	   of	   the	   tryptophan	   59	   residue	   of	   the	   protein	   at	   different	  cardiolipin	  concentrations,	  we	  studied	  the	  quenching	  of	  the	  W59	  residue	  by	  acrylamide.	  If	  the	  quencher	  is	  able	  to	  access	  the	  protein	  interior,	  the	  lifetime	  of	  W59	  is	  reduced	  along	  with	  the	   quantum	  yield	   and	   thus	   the	   fluorescence	   intensity.	   The	   accessibility	   of	   the	   protein	   to	  solvent	   is	   affected	   by	   protein	   folding	   and	   penetration	   into	   the	   membrane	   bilayer.	  Visualization	  of	  the	  accessibility	  of	  the	  W59	  to	  the	  quenching	  solvent	  can	  be	  inferred	  from	  an	   analysis	   of	   the	   Stern-­‐Volmer	   plots	   in	   Figure	   4.8.	   From	   these	   plots,	  we	   can	   extract	   the	  
	  	  
81	  Stern-­‐Volmer	  constants	  (Ksv)	  for	  the	  collisional	  quenching	  process.	  This	  is	  described	  by	  the	  following	  equation:	  	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  !!! = 1 + 𝑘!𝜏! = 1 + 𝐾!" 𝑄 	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4.1)	  	  where	   F0	   and	   F	   are	   the	   peak	   fluorescent	   intensities	   in	   the	   absence	   and	   presence	   of	   the	  quencher,	   respectively.	   kq	   is	   the	   rate	   constant	   of	   the	   quenching	   process,	   τ0	   is	   the	  fluorescence	   lifetime	   of	   the	   fluorophore	   in	   the	   absence	   of	   the	   quencher,	   and	   [Q]	   is	   the	  quencher	  concentration.	  	  	  	  	  	  
	  
Figure	  4.8.	  Stern-­‐Volmer	  plots	  for	  20%	  CL-­‐containing	  liposomes.	  The	  associated	  Ksv	  values	  are	  shown	  in	  Table	  4.1.	  Three	  measurements	  were	  obtained	  for	  each	  data	  point	  while	   the	  linear	  regression	  software	  in	  Sigmaplot	  was	  utilized	  to	  perform	  an	  error	  analysis.	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Table	  4.1.	  Stern-­‐Volmer	  constants	  for	  20%	  CL	  and	  varying	  concentrations.	  	  	  
[CL]	  	   37.5	  µM	   75	  µM	   100	  µM	   125	  µM	   200	  µM	  
Ksv	  [M-­‐1]	   0.72±0.17	   0.9±0.19	   0.79±0.12	   1.0±0.13	   1.1±0.11	  
	  	  	  	  
4.2.2.6	   Construction	   of	   dose	   response	   curves.	   In	   order	   to	   exhibit	   the	   dose	   response	   of	  fluorescence	  and	  circular	  dichroism	  in	  quantitative	  terms	  we	  proceeded	  as	  follows.	  For	  the	  former,	  we	  used	  our	  program	  MULTIFIT	  to	  decompose	  the	  fluorescence	  F-­‐band	  into	  three	  Gaussian	   sub-­‐bands	   for	  which	   the	  wavenumber	   positions	   and	   the	   bandwidths	  were	   kept	  constant.	  The	  integrated	  intensities	  of	  the	  most	  intense	  sub-­‐band	  F2	  are	  plotted	  in	  the	  right	  panel	   of	   Figure	   4.9	   as	   a	   function	   of	   the	   cardiolipin	   concentration	   of	   the	   liposome-­‐protein	  mixture.	   The	   CD	   spectra	   were	   further	   analyzed	   by	   plotting	   the	   cardiolipin	   concentration	  dependence	  of	   the	  difference	  ΔΔε=	  Δε417-­‐	  Δε405.	  This	  procedure	  eliminates	  the	   influence	  of	  baseline	   shifts	   to	   which	   individual	   spectra	   are	   subjected.	   The	   respective	   dose	   response	  curves	  are	  also	  shown	  in	  the	  left	  panels	  of	  Figure	  4.9.	  The	  dichroism	  data	  of	  the	  liposome	  –	  protein	   mixture	   show	   a	   rather	   unusual	   behavior	   in	   that	   they	   go	   through	   a	   minimum	   at	  cardiolipin	   concentrations	   before	   continuously	   increasing	   to	   the	   saturation	   level.	   Taken	  together,	   CD	   and	   fluorescence	   data	   suggests	   the	   involvement	   of	   at	   least	   two	   modes	   of	  liposome-­‐protein	  interactions	  in	  the	  absence	  of	  salt.	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Figure	  4.9.	  The	  effect	  of	  cardiolipin	  concentration	  on	  the	  ΔΔε	  of	  the	  couplet	  peak	  of	  the	  ECD	  spectra	  (left)	  and	  integrated	  fluorescence	  intensity	  obtained	  from	  a	  subband	  positioned	  at	  340	  nm	  (right).	  The	  solid	  curve	  results	  from	  the	  fit	  discussed	  in	  section	  4.2.4	  of	  this	  chapter.	  The	   two	   cardiolipin	   concentrations	   omitted	   in	   the	   fitting	   procedure	   are	   symbolized	   by	  triangles.	  This	  figure	  was	  modified	  from	  the	  paper	  of	  Pandiscia	  and	  Schweitzer-­‐Stenner.177	  	  	  	  To	   further	   elucidate	   the	   binding	   interactions	   occurring	   at	   cardiolipin	   concentrations,	   we	  directly	   plotted	   the	   polarized	   fluorescence	   III	   and	   I⊥,	   which	   are	   generally	   used	   for	   the	  determination	   of	   the	   steady	   state	   anisotropy,	   as	   a	   function	   of	   cardiolipin	   concentration.	  Contrary	  to	  the	  integrated	  fluorescence	  intensities	  displayed	  in	  Figure	  4.9	  the	  plotted	  III	  and	  I⊥	   values	   in	   Figure	   4.10	   are	   apparent	   intensities	  measured	   for	   an	   emission	  wavelength	   of	  340	  nm.	  The	  data	   for	  both	  parallel	   (left)	  and	  perpendicular	   (right)	  polarized	   fluorescence	  show	  a	  gradual	  increase	  with	  increasing	  liposome	  concentrations.	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Figure	   4.10.	  Parallel	   (left)	   and	   perpendicular	   (right)	   polarized	   fluorescence	   spectra.	   The	  two	  cardiolipin	  concentrations	  disregarded	   for	  our	   theoretical	  analysis	  are	   symbolized	  by	  triangles.	  The	  solid	   lines	  result	   from	  the	   fit	  discussed	   in	  section	  4.2.4	  of	   this	  chapter.	  This	  figure	  was	  modified	  from	  the	  paper	  of	  Pandiscia	  and	  Schweitzer-­‐Stenner.177	  	  
 
 It	  should	  be	  noted	  that	  all	  dose	  response	  curves	  in	  Figures	  4.9	  and	  4.10	  also	  contain	  the	  data	  points	  (triangles)	  that	  were	  obtained	  with	  the	  cardiolipin	  concentrations	  (i.e.	  15	  and	  25	  µM)	  for	   which	   our	   light	   scattering	   data	   suggest	   protein	   induced	   fusion	   of	   planar	  bilayers/micelles	  into	  GUVs.	  	  While	  our	  analysis	  disregards	  these	  data	  it	  is	  noteworthy	  they	  do	  not	  depart	  from	  the	  overall	  tendencies	  of	  the	  respective	  data	  sets,	  which	  indicate	  that	  the	  size	  of	  the	  liposome	  has	  a	  limited	  influence	  on	  the	  initial	  binding	  of	  the	  protein.	  	  Additionally	  we	  plotted	  the	  integrated	  intensity	  values	  (ε)	  of	  the	  695	  nm	  absorbance	  band	  shown	   in	   Figure	   4.11.	   The	   titration	   shows	   a	   decrease	   in	   ε	   as	   CL-­‐concentration	   increases,	  suggesting	  the	  loss	  of	  the	  protein’s	  native	  structure	  and	  the	  M80	  –	  Fe	  (III)	  bond.	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Figure	  4.11.	  The	  integrated	  absorption	  intensities	  (fε)	  of	  the	  695	  nm	  absorption	  band	  as	  a	  function	  of	  cardiolipin	  concentration.	  In	  the	  absence	  (black)	  and	  presence	  (red)	  of	  100	  mM	  NaCl.	   The	   protein	   concentration	   used	   was	   50	   µM.	   The	   solid	   lines	   result	   from	   the	   fit	  discussed	  in	  section	  4.2	  4	  of	  this	  chapter.	  	  	  	  
4.2.3	  Probing	  Na+-­‐induced	  dissociation	  and	  Cl-­‐-­‐induced	  refolding	  of	  cytochrome	  c	  In	  the	  presence	  of	  NaCl,	  Na+	   ions	  can	  compete	  with	  the	  positively	  charged	   	  patches	  on	  the	  surface	  of	  cytochrome	  c	  for	  anionic	  phospholipid	  binding	  sites.164	  Though	  never	  thoroughly	  considered,	  one	  should	  also	  expect	  Cl-­‐	  to	  contribute	  to	  this	  inhibition	  by	  interacting	  with	  the	  positively	   charged	   patches	   of	   the	   protein.	   In	   order	   to	   explore	   how	   these	   ions	   affect	   the	  binding	  of	   cytochrome	  c	   as	  well	   as	   the	   reversibility	  of	   the	   induced	  structural	   changes,	  we	  measured	   the	   W59	   fluorescence,	   the	   polarized	   340	   nm	   fluorescence,	   and	   the	   visible	   CD	  spectra	  of	  the	  liposome-­‐protein	  mixture	  as	  a	  function	  of	  the	  cardiolipin	  concentration	  after	  
	  	  
86	  adding	  50,	  100,	  and	  150	  mM	  of	  NaCl	  to	  the	  protein-­‐liposome	  mixtures.	  The	  fluorescence	  and	  CD	  spectra	  are	  shown	  in	  Figures	  4.12	  and	  4.13,	  respectively.	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Figure	  4.12.	   Fluorescence	  spectra	  of	   cytochrome	  c-­‐	   liposome	  mixtures	   in	   the	  presence	  of	  50	   (top),	   100	   (middle),	   and	   150	   (bottom)	  mM	  NaCl.	   The	   fluorescence	   intensity	   increases	  with	   increasing	   cardiolipin	   concentration	   (30-­‐200	   µM).	   This	   figure	   was	   taken	   from	   the	  paper	  of	  Pandiscia	  and	  Schweitzer-­‐Stenner.177	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Figure	  4.13.	  Soret	  band	  CD	  spectra	  of	  cytochrome	  c-­‐	  liposome	  mixtures	  in	  the	  presence	  of	  50	   (left)	   and	  150	   (right)	  mM	  NaCl.	  The	  CD	   intensity	   increases	  with	   increasing	   cardiolipin	  concentration	   (30-­‐200	   µM).	   The	   red	   spectra	   symbolize	   the	   protein	   in	   the	   absence	   of	  liposomes.	  This	  figure	  was	  taken	  from	  the	  paper	  of	  Pandiscia	  and	  Schweitzer-­‐Stenner.177	  
 
 
 Figures	  4.14	  and	  4.15	  display	  the	  binding	  isotherms	  obtained	  from	  these	  spectra.	  At	  50	  mM	  NaCl,	  the	  fluorescence	  of	  the	  liposome-­‐protein	  mixture	  is	  reduced	  by	  about	  half	  compared	  to	  the	  fluorescence	  of	  the	  bound	  protein	  on	  the	  liposome	  surface.	  Upon	  the	  addition	  of	  100	  and	   150	  mM	  NaCl,	   the	   fluorescence	   intensity	   is	   again	   cut	   in	   half	   compared	  with	   50	  mM.	  	  Differences	  between	  spectra	  taken	  with	  100	  and	  150	  mM	  NaCl	  are	  minimal,	  indicating	  that	  saturation	  has	  been	  reached.	  This	  observation	  suggests	  that	  the	  influence	  of	   ions	  is	  due	  to	  direct	  binding	  of	  Na+	  to	  CL	  and/or	  of	  Cl-­‐	  to	  the	  protein	  surface	  rather	  than	  to	  an	  enrichment	  of	   the	   double	   layer	   formed	   at	   the	   liposome	   surface.	   In	   order	   to	   check	   whether	   the	  fluorescence	   quenching	   in	   the	   presence	   of	   NaCl	   is	   solely	   due	   to	   the	   protein’s	   structural	  conversion	  and	  is	  not	  caused	  by	  direct	  quenching	  processes,	  we	  measured	  the	  fluorescence	  of	   ferricytochrome	   c	   in	   the	   presence	   of	   urea	   with	   and	   without	   100	   mM	   NaCl.	   The	   two	  spectra	  were	   found	   to	  be	  practically	   identical	   (Serpas,	   Pandiscia,	   and	  Schweitzer-­‐Stenner,	  unpublished).	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Figure	  4.14.	  The	  effect	  of	  cardiolipin	  concentration	  on	  the	  ΔΔε	  of	  couplet	  peak	  of	  the	  ECD	  spectra	   (left)	   and	   integrated	   fluorescence	   intensity	   obtained	   at	   340	   nm	   (right)	   in	   the	  presence	   of	   NaCl.	   The	   solid	   curves	   result	   from	   the	   fit	   discussed	   in	   section	   4.2.4	   of	   this	  chapter.	  Our	  NaCl	  concentrations	  were	  50	  (black),	  100	  (red),	  and	  150	  (green)	  mM.	  The	  two	  omitted	   cardiolipin	   concentrations	   are	   symbolized	   by	   triangles.	   This	   figure	  was	  modified	  from	  the	  paper	  of	  Pandiscia	  and	  Schweitzer-­‐Stenner.177	  
 
 
 
	  
Figure	  4.15.	  Parallel	  (left)	  and	  perpendicular	  (right)	  polarized	  fluorescence	  spectra	  in	  the	  presence	   of	   varying	   NaCl	   concentrations.	   Our	   NaCl	   concentrations	   were	   50	   (black),	   100	  (red),	   and	   150	   (green)	   mM.	   The	   two	   cardiolipin	   concentrations	   disregarded	   for	   our	  theoretical	  analysis	  are	  symbolized	  by	  triangles.	  	  This	  figure	  was	  modified	  from	  the	  paper	  of	  Pandiscia	  and	  Schweitzer-­‐Stenner.177	  	  	  	  We	   also	   determined	   the	   steady	   state	   fluorescence	   anisotropy	   for	   the	   above	   NaCl	  concentrations.	  The	  corresponding	  data	  are	  displayed	   in	  Figure	  4.7.	   	  As	  one	  would	  expect	  based	  on	  the	  results	  from	  above	  fluorescence	  titrations,	  the	  addition	  of	  NaCl	  also	  decreases	  
	  	  
90	  the	   polarized	   fluorescence.	   	   Most	   interestingly,	   however,	   the	   steady	   state	   anisotropy	   not	  only	   increases	  with	   increasing	   salt	   concentration	   for	   cardiolipin	   concentrations	   above	   50	  
µM,	  but	  it	  becomes	  dependent	  on	  the	  cardiolipin	  concentration.	  	  As	  indicated	  above,	  we	  can	  rule	  out	  any	  direct	   fluorescence	  quenching	  by	  NaCl	  as	   the	  cause	  of	   these	  changes.	  A	  more	  detailed	  analysis	  of	   the	  data	  will	  be	  provided	  below.	  Additionally	   in	   the	  presence	  of	  NaCl,	  the	   slope	   and	   therefore	   Ksv	   values	   of	   the	   Stern-­‐Volmer	   plots	   (Figure	   4.16)	   decrease	  compared	  to	  the	  liposome	  –	  protein	  mixtures	  in	  the	  absence	  of	  NaCl.	  	  	  	  	  
	  
Figure	  4.16.	   Stern-­‐Volmer	  plots	   for	  20%	  CL-­‐containing	   liposomes	   in	   the	  presence	  of	  100	  mM	  NaCl.	  The	  associated	  Ksv	  values	  are	  listed	  in	  Table	  4.2.	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Table	  4.2.	  Stern-­‐Volmer	  constants	  for	  20%	  CL	  and	  varying	  concentrations	  in	  the	  presence	  of	  100	  mM	  NaCl.	  	  	  
[CL]	   37.5	  µM	   75	  µM	   100	  µM	   125	  µM	   200	  µM	  
Ksv	  [M-­‐1]	   0.41±0.092	   0.78±0.056	   0.84±0.085	   0.72±0.21	   0.73±0.18	  	  	  	  	  The	  dose	  response	  data	  of	  the	  integrated	  intensities	  of	  the	  695	  nm	  band	  show	  a	  relatively	  [CL]-­‐independent	   intensity	   in	   the	  presence	  of	  NaCl,	   indicating	   the	  recovery	  of	   the	  Fe-­‐M80	  ligation.	  	  
4.2.4	  Theoretical	  analysis	  of	  spectroscopic	  data	  using	  a	  Langmuir	  binding	  isotherm	  We	   utilized	   a	   comprehensive	   theoretical	   model	   outlined	   below	   to	   arrive	   at	   a	   consistent	  simulation	   of	   all	   reported	   titration	   curves	   with	   a	   consistent	   set	   of	   fitting	   parameters.	  Because	   a	   homogeneous	   population	   of	   liposomes	   (i.e.,	   SUVs)	   was	   only	   ensured	   for	  cardiolipin	   concentrations	   above	   37.5	   µM,	   the	   data	   points	   taken	   with	   lower	   cardiolipin	  concentrations	  (15	  and	  25	  µM)	  were	  not	  used	  for	  the	  fitting	  procedure.	  A	  comparison	  of	  the	  CD	   and	   the	   fluorescence	   titrations	   clearly	   reveal	   differences	   with	   respect	   to	   slope	   and	  saturation	   behavior.	   While	   the	   fluorescence	   is	   monotonically	   increasing,	   the	   dichroism	  difference	  values	  either	  stay	  nearly	  constant	  at	  the	  initial	  phase	  (in	  the	  absence	  of	  salt)	  or	  they	   first	   decrease	   (becoming	  more	  negative)	   and	   start	   to	   increase	   only	   slightly	   once	   the	  cardiolipin	   concentration	   increases	   above	   25	   µM.	   This	   led	   us	   to	   assume	   that	   a	   minimal	  model	   should	   comprise	   at	   least	   two	   binding	   sites	   with	   rather	   different	   affinities.	   The	  cardiolipin	  concentration	  dependence	  on	  the	  steady	  state	  anisotropy	  in	  the	  presence	  of	  salt	  (Figure	  4.7)	  seems	  to	  indicate	  the	  occurrence	  of	  even	  3	  binding	  processes.	  	  In	  order	  to	  avoid	  any	  overfitting	  of	   the	  data,	  we	  assumed	  solely	   two	  binding	   sites	  as	  a	  minimal	  model.	   It	   is	  important	  to	  indicate	  that	  recent	  vibrational	  experiments	  by	  Malyshka	  et	  al.,	  who	  reported	  
	  	  
92	  that	   between	   pH	   values	   of	   5-­‐12	   there	   is	   no	   protonation	   of	   the	   lipid’s	   phosphate	   head	  groups189,	   rule	   out	   the	   coexistence	   of	   two	   independent	   protonation	   states	   under	   our	  experimental	  conditions.	  The	  analysis	  was	  based	  on	  the	  following	  reaction	  scheme:	  
	  
  
cytC1 −CL⇔ cytC2, j −CL
           !K1                 !K2    
           CL                      CL     
             +                        +                       
            cytn                    cytn
  Scheme	  1 
 where	  the	  subscripts	  n	  indicate	  the	  native,	  full	  folded	  state	  and	  C1	  and	  C2	  conformations	  of	  membrane	   bound	   cytochrome	   c.	   	   This	   model	   assumes	   that	   the	   protein	   undergoes	   a	  conformational	   change	  upon	  binding	   and	   that	   after	   dissociation	   from	  CL	   on	   the	   liposome	  surface,	   the	   protein	   does	   switch	   back	   to	   its	   fully	   folded	   state,	   contrary	   to	   an	   earlier	  expressed	   assumption.179	  Moreover,	  we	  do	  not	   assume	   the	  occurrence	  of	   any	   irreversible	  binding,	  since	  this	  would	  give	  rise	  to	  a	  linear	  increase	  of	  the	  binding	  isotherm	  at	   low	  lipid	  concentration	   until	   the	   saturation	   of	   all	   binding	   sites	   is	   achieved.	   None	   of	   the	   observed	  isotherms	   meets	   this	   requirement.	   Treating	   cytochrome	   c	   –	   CL	   interactions	   as	   an	  equilibrium	  reaction	  is	  in	  accordance	  with	  approaches	  from	  other	  laboratories.104,106,190	  
 A	  Langmuir	  isotherm	  describes	  the	  binding	  sites	  on	  the	  membrane	  surface	  as	  independent	  and	   cytochrome	   c	   consistently	   has	   the	   same	   number	   of	   binding	   sites	   to	   bind	   to	   on	   20%	  cardiolipin-­‐containing	   liposomes,	   regardless	   of	   the	   size	   of	   the	   protein	   and	   surface	   or	   the	  number	  of	  proteins.	  If	  no	  aggregation	  or	  phase	  separation	  of	  cardiolipins	  occurs,	  the	  surface	  
	  	  
93	  can	  be	  assumed	  to	  be	  a	  series	  of	  independent	  binding	  sites	  where	  the	  effects	  of	  the	  entropy	  of	  ligand	  distribution	  on	  the	  membrane	  surface	  are	  neglected.191	  	  Conformational	   changes	   generally	   give	   rise	   to	   spectroscopic	   changes,	  which	  we	   utilize	   in	  this	   study.	   This	   Langmuir-­‐type	   binding	   isotherm	   containing	   spectroscopic	   response	  function,	  which	  accounts	  for	  the	  CD	  (ΔΔε)	  as	  well	  as	  the	  fluorescence	  data	  (f)	  measured	  in	  our	  study,	  can	  be	  written	  as	  follows:	  	   	   	   	   	   𝑠 [𝐶𝐿] = 𝑠! + 𝑠! ∙ 𝐾! ∙ [𝐶𝐿] !!!!!! 	  	  	   	   (4.2)	  	  where	  s0	  is	  the	  spectroscopic	  value	  of	  the	  fully	  folded	  protein,	  sj=sC1,sC2	  denote	  the	  respective	  spectroscopic	  value	  for	  the	  partially	  unfolded	  protein	  produced	  by	  the	  binding	  of	  the	  site	  j	  to	  CL-­‐receptors	  on	  the	  liposome	  surface.	  Kj	  (j=1,2)	  is	  the	  affinity	  constant	  for	  the	  j-­‐th	  binding	  process	   involving	   the	   protein	   and	   CL-­‐receptors	   on	   the	   liposome	   surface,	   [CL]	   is	   the	  concentration	   of	   cardiolipins	   that	   are	   not	   in	   contact	   with	   the	   protein,	   and	   nj	   are	   the	  corresponding	  Hill	   coefficients.	   The	   latter	   heuristically	   reflect	   the	   fact	   that	   the	   binding	   of	  proteins	   to	   membrane	   surfaces	   induces	   changes	   of	   the	   latter	   that	   can	   affect	   subsequent	  binding	  processes.88	  The	  grand	  partition	  sum,	  G,	  is	  written	  as:	  	  	   	   	   	   	   𝐺 = 1 + 𝐾! ∙ [𝐶𝐿] !!!!!! 	  	   	   	   	   (4.3)	  	  The	   theory	   described	   thus	   far	   accounts	   for	   cytochrome	   c	   –	   liposome	   interactions	   in	   the	  absence	  of	  salt.	  If	  Na+	  and	  Cl-­‐	  ions	  are	  present,	  they	  can	  react	  with	  the	  CL	  head	  groups	  and	  the	   protein,	   respectively.	   Both	   reactions	   can	   inhibit	   cytochrome	   c	   binding,	   which	  
	  	  
94	  heuristically	  can	  be	  accounted	  for	  by	  a	  formalism	  that	  reduces	  the	  equilibrium	  constants	  Kj’	  in	  a	  dose	  response	  manner:	  	   	   	   	   	   	   𝐾!! = 𝐾! ∙ 𝑟! − 1 𝑓!,! + 1	  	   	   	   (4.4)	  	  Here,	   rj	   is	   the	   amount	   by	  which	  Kj	   is	   reduced	   upon	   saturation	  with	   ions.	   f1,j	   	   is	   a	   binding	  function	   that	   describes	   inhibitory	   ion	   binding	   with	   respect	   to	   the	   j-­‐th	   binding	   site.	   This	  function	  was	  accounted	  for	  by	  a	  simple	  Langmuir	  isotherm:	  	  
	   	   	   	   𝑓!,! = !!",!∙ !"#$ !!! !!",!∙ !"#$ !	   	   	   	   	   	  (4.5)	  	  where	  KCl,j	   	   is	   the	  effective	  equilibrium	  constant	  of	  Cl-­‐	  with	  regard	  to	  process	   j	  and	  m	   is	  an	  empirical	  Hill	  coefficient.	  Different	  values	  for	  KCl,j	  are	  indicative	  of	  different	  efficiencies	  with	  regard	  to	  the	  inhibition	  of	  the	  binding	  of	  sites	  1	  and	  2	  to	  CL	  on	  the	  liposome	  surface.	  	  	  	  The	   18	   sets	   of	   titration	   data	   displayed	   in	   Figures	   4.9-­‐4.11	   and	   4.14-­‐4.15	   were	  simultaneously	  fit	  with	  a	  common	  set	  of	  thermodynamic	  and	  spectroscopic	  constants.	  The	  effective	   number	   of	   free	   parameters	   was	   16,	   which	   has	   to	   be	   compared	   with	   128	   data	  points.	  The	  values	   for	   s0	  are	  determined	  experimentally	   for	   cytochrome	  c	   in	   solution.	  The	  concentration	  of	  free	  lipids	  that	  enters	  all	  the	  above	  equations	  has	  been	  calculated	  from	  the	  total	   cardiolipin	   concentrations	   by	   combining	   the	   law	   of	   mass	   conservation	   with	   simple	  numerical	  methods.192	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  As	  revealed	  by	   the	  solid	   lines	   in	  Figures	  4.9-­‐4.11	  and	  4.14-­‐4.15,	   the	  resulting	   fits	  are	  very	  satisfactory,	  in	  spite	  of	  the	  imposed	  restrictions.	  The	  respective	  thermodynamic	  parameters	  are	  listed	  in	  Table	  4.3,	  the	  spectroscopic	  parameters	  can	  be	  found	  in	  Table	  4.4.	  
	  	  
Table	   4.3.	   Fitting	   parameters	   obtained	   from	   our	   comprehensive	   theoretical	   Langmuir	  model.	  	  
	   No	  NaCl	   50	  mM	  NaCl	   100	  mM	  NaCl	   150	  mM	  NaCl	  
K1	  [M-­‐1]	   1.3·105±5·103	   1.3·105±5·103	   1.3·105±5·103	   1.3·105±5·103	  
K2	  [M-­‐1]	   3.0·104±5.0·102	   3.0·104±5.0·102	   3.0·104±5.0·102	   3.0·104±5.0·102	  
n1	   1.0±0.5	   1.0±0.5	   1.0±0.5	   1.0±0.5	  
n2	   3.5±0.5	   3.5±0.5	   3.5±0.5	   3.5±0.5	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Table	  4.4.	  Spectroscopic	  parameter	  values	  obtained	  from	  the	  Langmuir	  global	  fitting	  to	  the	  fluorescence	  and	  CD	  titration	  displayed	  in	  Figures	  4.9-­‐4.11	  and	  4.14-­‐4.15.	  	  
	   [NaCl]=0	   [NaCl]=50	  
mM	   [NaCl]=100	  mM	   [NaCl]=150	  mM	  
ΔΔε0a[M-­‐1cm-­‐1]	   -­‐22±2	   -­‐12±1	   -­‐12±1	   -­‐14±1	  
ΔΔε1b[M-­‐1cm-­‐1]	   -­‐14±2	   -­‐17±2	   -­‐15±2	   -­‐18±2	  
ΔΔε2c[M-­‐1cm-­‐1]	   3±2	   -­‐11±1	   -­‐12±1	   -­‐12±1	  
f1d	   300±50	   200±50	   200±50	   200±50	  
f2d	   1900±100	   800±100	   450±50	   400±50	  
Iǁ1e	   11±1	   6±1	   5±1	   5±1	  
Iǁ2e	   43±1	   26±1	   20±1	   18±1	  
I 1f	   5±1	   3	  ±1	   2±1	   2±1	  
I 2f	   18±1	   10±1	   7±1	   6±1	  
ε695,0	  [M-­‐1	  cm-­‐1]	   1.5·105±1·104	   N/A	   1.5·105±1·104	   N/A	  
ε695,1	  [M-­‐1	  cm-­‐1]	   2.5·105±1·104	   N/A	   1.9·105±1·104	   N/A	  
ε695,2	  [M-­‐1	  cm-­‐1]	   0	   N/A	   1.5·105±1·104	   N/A	  
ε695,3	  [M-­‐1	  cm-­‐1]	   0	   N/A	   5.0·102±1·101	   N/A	  
a,b,c	   The	   Δεj	   -­‐values	   derived	   from	   the	   CD	   titration	   data	   correspond	   to	   the	   spectroscopic	  parameters	  s0j	  defined	  in	  this	  chapter	  (eq.	  4.2),	  d	  The	  fj-­‐values	  derived	  from	  the	  fluorescence	  titration	   data	   correspond	   to	   the	   spectroscopic	   parameters	   s0j	  defined	   in	   this	   chapter	   (eq.	  4.2),	  e	  Iǁ-­‐values	  derived	  from	  the	  parallel	  polarized	  fluorescence	  titration	  data	  correspond	  to	  the	   spectroscopic	  parameters	   s0j	  defined	   in	   this	   chapter	   (eq.	   4.2).	   f	   I┴-­‐values	  derived	   from	  the	   perpendicular	   polarized	   fluorescence	   titration	   data	   correspond	   to	   the	   spectroscopic	  parameters	  s0j	  defined	  in	  this	  chapter	  (eq.	  4.2),	  	  	  
 	  	  In	  the	  absence	  of	  NaCl	   the	  binding	  via	  site	  1	  seems	  to	   induce	  some	  fluorescence,	  but	  does	  not	   change	   ΔΔε	   at	   all,	   thus	   causing	   the	   different	   initial	   slopes	   of	   the	   respective	   dose	  response	   curves	   in	   Figure	   4.9.	   This	   result	   suggests	   that	   the	   protein	  mostly	  maintains	   its	  
	  	  
97	  native	  structure.	  On	  the	  contrary,	  binding	  via	  site	  2	  induces	  substantial	  fluorescence	  and	  CD	  changes,	   the	   latter	  adopting	  positive	  values.	  This	   suggests	   that	   the	   latter	  process	   involves	  substantial	  changes	  of	  the	  tertiary	  structure.	  	  	  To	  fit	  the	  CD	  dose	  response	  obtained	  in	  the	  presence	  of	  salt	  we	  had	  to	  allow	  a	  rather	  strong	  influence	   of	   NaCl	   on	   the	   spectroscopic	   parameter	   sj.	   	   This	   is	   in	   accordance	   with	   the	  observation	  (Figure	  4.13)	  that	  the	  addition	  of	  NaCl	  re-­‐establishes	  the	  Soret	  band	  couplet	  of	  the	  unbound	  protein.	  The	  latter	  is	  affected	  by	  Cl-­‐	  binding	  as	  well.	   	  As	  a	  consequence,	  the	  s0	  value	  representing	  ΔΔε	  had	   to	  be	  set	   to	   -­‐12	  mol-­‐1cm-­‐1.	  This	   finding	   is	   reminiscent	  of	  what	  Shah	  and	  Schweitzer-­‐Stenner	  reported	  for	  the	  influence	  of	  phosphate	  ions	  on	  the	  visible	  CD	  spectrum	  of	  ferricytochrome	  c	  in	  solution.134	  Second,	  the	  ΔΔε	  values	  (Table	  4.4)	  associated	  with	   site	   2	   binding	   return	   to	   negative	   values,	   thus	   reflecting	   the	   couplet	   shape	   of	   the	  respective	  CD	  spectra	  (ref.179	  and	  Figure	  4.13).	  For	  site	  1,	  s1	  =ΔΔε	  is	  not	  much	  affected	  by	  the	  presence	   of	   salt.	   The	   salt-­‐induced	   changes	   of	   the	   CD	   spectra	   are	   accompanied	   by	   only	   a	  partial	  reduction	  of	  the	  intrinsic	  fluorescence	  (66%	  and	  18%	  of	  the	  original	  fluorescence	  for	  sites	  1	  and	  2,	  respectively,	  at	  150	  mM	  NaCl,	  c.f.	  Table	  4.4),	  which	  indicates	  that	  the	  adopted	  conformation	   is	   either	   not	   that	   of	   the	   native	   protein	   or	   that	   the	   sample	   contains	   still	   a	  mixture	  of	  native-­‐like	  and	  partially	  unfolded	  proteins,	  which	  are	  both	  bound	  to	  liposomes.	  	  	  	  	  
	  	  
98	  
	  	  
Figure	  4.17.	  CD	  Soret	  band	  spectra	  of	  5µM	  ferricytochrome	  c	  in	  the	  presence	  of	  varying	  salt	  concentrations.	   This	   figure	   was	   taken	   from	   the	   paper	   of	   Pandiscia	   and	   Schweitzer-­‐Stenner.177	  	  	  	  When	   fitting	   the	   dose	   response	   data	   obtained	   after	   addition	   of	   NaCl	   to	   protein-­‐liposome	  samples,	  we	  were	  able	  to	  keep	  the	  K1	  and	  K2	  binding	  values	  obtained	  in	  the	  absence	  of	  NaCl	  constant.	  This	  indicates	  that	  NaCl	  has	  no	  detectable	  influence	  on	  the	  binding	  affinities	  (we	  can	   vary	  K2	   to	   some	   extent	  without	   deteriorating	   the	   quality	   of	   the	   fits),	  which	   is	   a	   very	  surprising	  result.	  However,	  the	  spectroscopic	  amplitudes,	  specifically	  for	  site	  2,	  are	  greatly	  reduced	  in	  the	  presence	  of	  NaCl.	  	  The	  degree	  of	  this	  reduction	  induced	  by	  both	  sodium	  and	  chloride	   ions	   can	   be	   estimated	   by	   comparing	   the	   obtained	   spectroscopic	   fluorescence	  amplitudes	  (Table	  4.4).	  This	  yields	  58%,	  76%	  and	  79%	  inhibition	  for	  50,	  100	  and	  150	  mM	  NaCl,	   respectively.	   The	   addition	   of	   NaCl	   on	   site	   1	   had	   a	   rather	   small	   effect	   on	   its	  
	  	  
99	  spectroscopic	  parameters.	  Hence,	  our	  data	  strongly	  suggest	  that	  the	  addition	  of	  salt	  causes	  little	   (within	   the	   margin	   of	   error)	   to	   no	   inhibition	   of	   cytochrome	   c	   binding	   to	   the	   CL-­‐receptors	   on	   the	   liposome	   surface.	   The	   spectral	   changes	   (CD	   and	   fluorescence)	   are	   to	   a	  substantial	   degree	   caused	   by	   salt-­‐induced	   structural	   changes	   of	   the	   protein	   itself,	   which	  move	  the	  protein	  to	  a	  structure	  with	  a	  more	  native-­‐like	  heme	  environment.	  	  	  As	   indicated	   above	   we	   did	   not	   consider	   the	   fluorescence	   and	   CD	   data	   measured	   at	   low	  cardiolipin	  concentrations	  when	  we	  fitted	  the	  above	  model	  to	  our	  data.	  However,	  as	  shown	  in	  Figures	  4.7	  and	  4.8,	   the	  respective	  data	  points	  do	  not	  substantially	  depart	   from	  the	  fits,	  suggesting	   that	   the	   protein	   binding	   to	   the	   small	   micelles	   formed	   at	   these	   conditions	  resembling	   mostly	   the	   site	   1	   binding	   to	   the	   SUVs	   formed	   at	   higher	   cardiolipin	  concentrations.	  That	  underscores	  the	  above	  expressed	  notion	  that	  at	  least	  this	  binding	  step	  is	  not	  very	  dependent	  on	  the	  form	  and	  or	  size	  of	  the	  bilayer.	   	   	  
	  While	   it	   is	   obvious	   that	   the	   fluorescence	   and	  dichroism	  data	   observed	   in	   the	   presence	   of	  NaCl	  require	  at	  least	  a	  model	  considering	  two	  binding	  sites,	  this	  is	  less	  obvious	  for	  the	  data	  recorded	   for	   [NaCl]=0.	   We	   therefore	   checked	   whether	   these	   data	   could	   be	   fitted	   with	   a	  single	  step	  binding	  model.	  The	  result	  was	  very	  clear.	  We	  could	  fit	  either	  the	  fluorescence	  or	  the	   CD	   data	   with	   such	   a	   model,	   but	   not	   both	   data	   sets	   together.	   This	   observation	  underscores	  the	  value	  of	  using	  different	  spectroscopic	  methods	  to	  assess	  the	  binding	  of	  the	  protein	  to	  the	  liposome	  surface.	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4.3	  EFFECTS	  OF	  THE	  CARDIOLIPIN	  CONTENT	  ON	  CYTOCHROME	  C	  –	  LIPOSOMES	  
MIXTURES	  	  The	   fluidity	  of	  phospholipids	  controls	  how	  the	   lipids	  will	  diffuse	   in	   the	  membrane	  bilayer	  and	  is	  dependent	  on	  the	  attractive	  van	  der	  Waals	  interactions	  between	  lipid	  molecules	  and	  how	   they	   pack	   together.	   At	   a	   given	   temperature	   (in	   this	   study	   we	   confine	   ourselves	   to	  experiments	  at	  room	  temperature),	  a	  lipid	  bilayer	  can	  exist	  in	  a	  liquid	  or	  gel	  or	  crystalline	  phase.	  In	  the	  liquid	  phase,	   lipids	  are	  more	  freely	  allowed	  to	  diffuse	  throughout	  the	  bilayer	  plane,	  while	  in	  the	  gel	  phase,	  lipids	  are	  locked	  into	  place	  and	  exhibit	  very	  restricted	  lateral	  mobility.	  Since	  cardiolipin	  is	  composed	  of	  a	  large	  hydrophobic	  tail	  formed	  by	  4	  acyl	  chains,	  the	   movement	   of	   the	   phospholipid	   is	   already	   relatively	   restricted	   due	   to	   its	   size.	  Additionally,	  the	  gel-­‐to-­‐liquid	  crystalline	  phase	  transition	  temperature	  of	  cardiolipin	  occurs	  around	  ~34°C,	  which	  means	   that	   at	   room	   temperature	   the	   lipid	   is	   in	   a	   gel	   phase	   and	  has	  very	   limited	   mobility.193	   Conversely,	   phosphocholine’s	   phase	   transition	   temperature	   is	   -­‐22°C,	   therefore	  this	   lipid	  does	  not	  display	  a	  phase	  transition	  at	  room	  temperature	  and	  can	  be	  considered	  to	  remain	  in	  a	  liquid	  phase.191	  	  	  While	  some	  heterogeneous	  membrane’s	   lipids	  can	  mix	  homogeneously,	   lipid	  diffusion	  and	  rearrangements	   after	   perturbations	   are	   also	   likely	   to	   occur.	   The	   redistribution	   of	   mixed	  lipid	  membranes	   has	   an	   effect	   on	   protein	   binding	   and	   thus	   the	   binding	   constant.	   If	   both	  lipids	  have	  the	  same	  affinity	  for	  a	  protein	  or	  for	  rigid	  membranes	  with	  little	  to	  no	  diffusion,	  then	   the	   lipid	   distribution	   will	   not	   change,	   which	   does	   not	   affect	   protein	   binding,	   as	  illustrated	   in	   the	   top	   row	   of	   Figure	   4.18.	   Since	   cardiolipin	   has	   a	  much	   larger	   affinity	   for	  binding	   to	   cytochrome	   c	   than	   does	   phosphocholine,	   the	   lipids	   redistribute	   and	   the	  cardiolipins	  will	  accumulate	  around	  the	  binding	  site	  of	  the	  positively	  charged	  protein.	  Here	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  the	  lipids	  mix	  ideally	  and	  are	  free	  to	  diffuse,	  which	  alters	  the	  binding	  affinity	  (second	  row,	  Figure	  4.18).	  90	  	  	  	  	  
	  
Figure	   4.18.	   Protein	   binding	   to	   two-­‐component	   membrane	   systems.	   The	   top	   row	   is	   a	  homogenous	  lipid	  mixture,	  the	  middle	  row	  shows	  partial	  demixing	  of	  an	  ideal	  mixture,	  and	  the	  bottom	  row	  shows	   total	  demixing	  of	   the	   two	  membrane	  surface	  components.	  For	   this	  study	  the	  membrane	  components	  are	  cardiolipin	  and	  phosphocholine.88,191	  	  	  	  In	   this	   section	  we	  describe	  how	  we	  used	   the	  above	   spectroscopies	   to	   elucidate	   structural	  and	  mechanistic	  changes	  of	  cytochrome	  c	  –liposomes	  mixtures	  as	  a	  function	  of	  cardiolipin	  concentration	   for	  TOCL/DOPC	   liposomes	  with	  50%	  and	  100%	  cardiolipin	   contents	   in	   the	  absence	  and	  presence	  of	  NaCl.	  This	  ultimately	  provides	  different	  conformations	  the	  protein	  assumes	  under	  different	  physiological	  conditions.	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4.3.1	   Spectroscopic	   changes	   induced	   by	   increasing	   the	   cardiolipin	   content	   of	  
membranes	  In	   order	   to	   elucidate	   changes	   in	   the	   tertiary	   structure	   of	   the	   protein	   in	   proximity	   to	   the	  heme	   group,	   we	  measured	   the	   Soret	   CD	   and	   absorption	   spectrum	   of	   liposome	   –	   protein	  mixtures	   containing	   different	   contents	   of	   cardiolipin.	   Measuring	   the	   Soret	   band	   region	  allows	  us	   to	  directly	  probe	   the	  highly	  sensitive	  catalytic	   iron	  binding	  site	   that	  requires	  an	  open	   ligation	  site	   in	  order	   for	   the	  protein	   to	  gain	  peroxidase	  activity.	  The	  CD	  spectrum	  of	  the	  Soret	  band	  region	  and	  the	  corresponding	  absorption	  spectra	  as	  a	  function	  of	  cardiolipin	  concentration	  are	  shown	  in	  Figure	  4.19.	  Herein,	  the	  unbound	  protein	  (shown	  in	  red)	  depicts	  the	  typical	  couplet	  of	  the	  native,	  fully	  folded	  protein.	  As	  observed	  for	  20%CL/80%	  DOPC,	  an	  increase	  of	   the	   cardiolipin	   concentration	  causes	   the	  couplet	   to	  disappear	  and	   the	  positive	  Cotton	   band	   to	   appear	   and	   increase	   in	   intensity.	   As	   indicated	   before,	   the	   positive	   Cotton	  band	  indicates	  a	  more	  open	  heme	  crevice	  with	  the	  M80	  containing-­‐loop	  further	  away	  from	  the	  heme	  group.	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Figure	  4.19.	  Soret	  band	  CD	  (top)	  and	  absorption	  (bottom)	  for	  50%	  (left)	  and	  100%	  (right)	  CL	  measured	  at	  different	  CL-­‐concentrations.	  The	  CD	  intensity	  is	  increasing	  and	  absorbance	  band	  is	  shifting	  with	  increasing	  cardiolipin	  concentration	  (30-­‐200	  µM).	  	  	  	  The	  Soret	  band	  CD	  spectra	  also	  show	  that	  at	  high	  CL-­‐content	  (100%	  CL)	  the	  transition	  from	  the	   native	   state	   couplet	   to	   a	   non-­‐native	   positive	   Cotton	   band	   occurs	   at	   lower	   cardiolipin	  concentration	  than	  for	  50%	  CL	  and	  additional	  20%	  CL-­‐content.	  In	  the	  framework	  of	  the	  2-­‐site	  Langmuir	  binding	  model,	   this	   indicates	  an	  increase	  of	  the	  equilibrium	  constant	  K.	  The	  earlier	   transition	   to	   a	   positive	   Cotton	   band	   at	   100%	   CL-­‐content	   is	   further	   illustrated	   in	  Figure	  4.20.	   	  The	  spectra	  on	  the	  left	  represent	  a	  native-­‐like	  conformation,	  obtained	  at	  37.5	  
µM	  for	  all	  CL-­‐contents.	  While	  proteins	  bound	  to	   liposomes	  with	  20%	  and	  50%	  CL-­‐content	  show	  a	  native	  state-­‐like	  signal	  at	  this	  concentration,	  those	  bound	  to	   liposomes	  with	  100%	  CL	  have	   already	   transitioned	   to	   a	   conformational	  mixture	   giving	   rise	   to	   a	   positive	   Cotton	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  band,	  indicative	  of	  a	  non-­‐native	  state.	  The	  spectra	  on	  the	  right	  were	  obtained	  at	  250	  µM	  CL-­‐concentrations	  and	  represent	  a	  non-­‐native	  conformational	  state	  for	  all	  CL-­‐contents.	  	  	  
	  
Figure	  4.20.	  Soret	  band	  CD	  of	  ferricytochrome	  c	  at	  37.5	  µM	  (left)	  and	  at	  250	  µM	  (right)	  CL	  concentration	  for	  20%,	  50%,	  and	  100%	  CL-­‐contents	  of	  liposomes.	  	  	  	  	  The	  wavelength	   difference	   between	   the	   positive	   Cotton	   and	   absorption	   band	   can	   also	   be	  plotted	  as	  a	  function	  of	  cardiolipin	  concentration	  and	  is	  explicitly	  seen	  in	  Figure	  4.21.	  As	  we	  have	  already	  outlined	  earlier,	  the	  non-­‐coincidence	  of	  the	  positive	  Soret	  CD	  Cotton	  band	  and	  corresponding	   absorption	   band	   is	   a	   result	   of	   the	   B-­‐band	   splitting	   due	   to	   electronic	   and	  vibronic	  perturbations,	  similar	  to	  the	  couplet	  observed	  for	  the	  native	  protein	  state.	   In	  this	  case,	   the	  perturbation	   is	   the	  strong	   internal	  electric	   field	  of	   the	  protein.	  The	  results	  of	   the	  plot	  illustrate	  that	  with	  increasing	  cardiolipin	  concentration,	  the	  overall	  electric	  field	  effect	  is	   changing.	   The	   reorganization	   of	   cardiolipin-­‐containing	   liposomes	   due	   to	   an	   increasing	  cardiolipin	  fraction	  alters	  the	  membrane	  electric	  field,	  which	  superimposes	  on	  the	  electric	  field	   produced	   by	   the	   interior	   of	   the	   protein.	   	   As	   a	   consequence	   the	  B-­‐band	   splitting	   and	  thus	   the	  non-­‐coincidence	  between	  absorption	  and	  CD	  peak	   increases	  upon	  an	   increase	  of	  the	  CL	  fraction	  from	  50	  to	  100%.	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Figure	   4.21.	   Non-­‐coincidence	   between	   the	   wavelength	   position	   of	   the	   CD	   band	   and	   the	  absorption	  band	  of	   the	   Soret	   region	  plotted	   as	   a	   function	  of	   cardiolipin	   concentration	   for	  varying	   cardiolipin	   content.	  The	   two	   cardiolipin	   concentrations	  omitted	   in	   the	   theoretical	  analysis	  described	  below	  are	  symbolized	  by	  triangles.	  	  
	  
	  The	   695	   nm	   absorption	   band	   is	   another	   probe	   capable	   of	   investigating	   changes	   of	   the	  tertiary	  structure	  of	  cytochrome	  c.	  This	  band	  measures	  the	  intactness	  of	  the	  bond	  between	  the	   methionine	   80’s	   sulfur	   atom	   and	   the	   heme	   iron.	   We	   decomposed	   the	   spectrum	   into	  three	   Gaussian	   sub-­‐bands,	   using	   our	   spectral	   analysis	   program	  MULTIFIT,	   for	   which	   the	  wavenumber	   positions	   and	   band	  widths	  were	   kept	   constant	   and	   integrated	   over	   all	   sub-­‐band	  intensities	  (695,	  665,	  and	  600	  nm).	  An	  additional	  band	  was	  added	  at	  625	  nm	  (~16061	  cm-­‐1),	  which	  appears	  at	  higher	  cardiolipin	  concentrations.	  	  The	  results	  are	  shown	  in	  Figure	  4.22.	  At	  low	  cardiolipin	  concentrations	  (30	  –	  100	  µM),	  the	  695	  nm	  band	  is	  visible,	  indicating	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  intactness	   of	   the	  M80	  –	   Fe	   (III)	   bond.	   	  Upon	   increasing	   the	   cardiolipin	   concentration,	   the	  band	  disappears,	   signifying	   that	   a	   conformer	  with	   the	  broken	  bond	  becomes	   increasingly	  populated.	   As	   the	   CL-­‐content	   increases	   to	   100%	   CL,	   the	   fraction	   of	   conformers	   with	   a	  native-­‐like	  state	  are	  significantly	  reduced	  at	  lower	  cardiolipin	  concentrations.	  	  	  	  	  
	  	  
Figure	  4.22.	   The	   effect	   of	   50%	  CL	   (left)	   and	   100%	  CL	   (right)	   on	   the	   695	   nm	   absorption	  band	  for	  cytochrome	  c	  (_____)	  in	  the	  absence	  of	  liposomes	  and	  cytochrome	  c	  in	  the	  presence	  of	  350 µM	  (________),	  500	  µM	  (-­‐-­‐-­‐-­‐-­‐),	  750 µM	  (-­‐-­‐-­‐),	  1	  mM	  (-­‐-­‐),	  2	  mM	  (···)	  cardiolipin.	  For	  the	  695	  nm	  absorption	  band	  we	  used	  a	  cytochrome	  concentration	  of	  50	  µM	  in	  order	  to	  obtain	  spectra	  with	  sufficient	  signal	  to	  noise.	  	  	  	  The	  spectra	  displayed	  in	  Figure	  4.22	  indicate	  that	  the	  695	  nm	  band	  is	  replaced	  by	  a	  band	  at	  625	  nm,	  which	  is	  plotted	  in	  Figure	  4.23.	  The	  625	  nm	  absorption	  band	  is	  assigned	  to	  a	  A2u	  à	  dxz,yz	   charge	   transfer	   transition	   from	   the	   porphyrin	   to	   the	   heme	   iron.	   It	   is	   normally	  indicative	   of	   a	   high	   spin,	   hexacoordinated	   species.136	   The	   plots	   illustrate	   concomitant	  decrease	  in	  the	  intensity	  of	  the	  695	  nm	  band	  with	  the	  intensity	  increase	  of	  the	  625	  nm	  band	  as	   the	   cardiolipin	   concentration	   increases.	   The	   intensity	   change	   is	   also	   dependent	   on	   the	  CL-­‐content.	  For	  100%	  CL,	  the	  625	  nm	  band	  is	  dominant	  at	  1.0	  mM	  cardiolipin	  while	  at	  20	  and	  50%	  CL	  show	  a	   larger	  625	  nm	  band	  population	  at	  2.0	  mM,	  which	  corresponds	   to	  0.1	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  and	   0.2	   mM	   CL	   concentrations	   with	   regard	   to	   the	   fluorescence	   and	   CD	   dose	   response.	  However,	   the	   protein	   can	   also	   exist	   in	   a	   quantum	  mixed	   state.	   Typically,	   the	   absorption	  spectrum	  of	  a	  low	  spin,	  hexacoordinated	  species	  shows	  a	  peak	  at	  407	  nm.	  In	  our	  Soret	  band	  region	  in	  Figures	  4.4	  and	  4.19,	  we	  see	  a	  blueshift	  of	  the	  absorbance	  peak	  that	  remains	  above	  400	  nm.	  This	  is	  indicative	  of	  a	  quantum	  mixed	  state.137	  	  	  	  	  	  
	  	  
Figure	  4.23.	  Integrated	  intensity	  of	  695	  (circle)	  and	  625	  (triangle)	  nm	  absorption	  bands	  as	  a	   function	   of	   cardiolipin	   concentration	   for	   20%	   (black),	   50%	   (red),	   and	   100%	   (blue)	   CL-­‐contents.	  The	  protein	  concentration	  used	  was	  50	  µM.	  	  	  	  	  While	   ECD	   and	   absorption	   spectra	   probe	   changes	   of	   the	   tertiary	   structure	   of	   the	   protein	  regarding	   the	   surrounding	   amino	   acid	   residues,	   fluorescence	   spectroscopy	   probes	   the	  distance	  between	  the	  heme	  group	  and	  the	  sole	  W59	  residue	  that	  resides	  by	  the	  hydrophobic	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  crevice	  of	  the	  protein.	  In	  the	  folded	  state	  of	  the	  protein	  the	  distance	  between	  the	  heme	  and	  W59	   is	   3.8	   Å.	   We	   measured	   the	   fluorescence	   spectra	   as	   a	   function	   of	   cardiolipin	  concentration	   at	   20%,	   50%,	   and	   100%	   CL-­‐contents.	   As	   shown	   in	   Figure	   4.24,	   the	  fluorescence	  intensity	  increases	  with	  CL-­‐content	  at	  both	  low,	  37.5	  µM	  (left),	  and	  high,	  250	  
µM	   (right),	   cardiolipin	   concentrations.	   However,	   the	   most	   surprising	   difference	   is	   the	  substantial	   blueshift	   with	   increasing	   CL-­‐content.	   At	   20%	   CL-­‐content	   a	   broad	   band	   peaks	  around	  345	  nm.	  Increasing	  the	  CL-­‐content	  to	  50%	  and	  100%	  splits	  the	  broad	  emission	  band	  into	   two	  distinct	  bands	  where	   the	  more	   intense	  of	   the	   two	  sits	  at	  340	  nm.	  The	  maximum	  peak	   positions	   are	   the	   same	   at	   high	   cardiolipin	   concentration	   as	   well.	   This	   blueshifts	  indicate	  that	  the	  protein	  enters	  a	  more	  hydrophobic	  environment	  at	  higher	  CL-­‐contents.	  	  	  	  
Figure	   4.24.	   Fluorescence	   intensity	   of	   ferricytochrome	   c	   bound	   to	   liposomes	   with	   20%,	  50%,	   and	   100%	   CL-­‐content	   recorded	   at	   37.5 µM	   (left)	   and	   250	   µM	   (right)	   cardiolipin	  concentrations.	  	  	  	  From	  our	  parallel	  and	  perpendicular	  polarized	  fluorescence	  data	  (shown	  in	  Figure	  4.30),	  we	  obtained	  steady-­‐state	  anisotropy	  values	  at	  varying	  CL-­‐contents.	  The	  rs	  values	  are	  displayed	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  in	  Figure	  4.25.	  The	  anisotropy	  values	  are	   independent	  of	  both	  the	  cardiolipin	  content	  and	  concentration	  and	  lie	  within	  0.10	  and	  0.13.	  	  	  	  	  
	  
Figure	  4.25.	  Steady-­‐state	  anisotropy	  values	  for	  varying	  CL-­‐contents.	  	  	  	  
4.3.2	  Measuring	  and	  analyzing	  the	  dose	  response	  of	  the	  spectroscopic	  signals	  Before	   we	   turn	   to	   a	   thermodynamic	   analysis	   of	   a	   selected	   set	   of	   dose	   response	   data,	   a	  justification	   of	   the	   model	   employed	   in	   the	   following	   is	   in	   order.	   Above,	   we	   analyzed	  fluorescence	   and	  CD-­‐based	  dose	   response	   curves	  with	   a	   Langmuir	  model	   that	   considered	  two	   independent	   binding	   sites	   of	   the	   protein.	   Binding	   via	   these	   two	   sites	   led	   to	   protein	  conformations	  with	  rather	  different	  spectroscopic	  properties.	  To	  our	  surprise	  we	  found	  that	  the	   addition	  of	   salt	   affected	   spectroscopic	   amplitudes	   rather	   than	  binding	   constants,	   thus	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  indicating	   a	   salt	   induced	   stabilization	   of	   a	   more	   native	   like	   state	   of	   liposomes-­‐bound	  cytochrome	   c.	   In	   a	   first	   step	   we	   utilize	   the	   results	   of	   this	   study	   to	   rationalize	   the	  fluorescence	  quenching	  data	  to	  be	  introduced	  below.	  	  Figure	  4.26	  illustrates	  the	  Stern-­‐Volmer	  plots	  we	  obtained	  from	  titrating	  acrylamide	  into	  a	  mixture	   of	   ferricytochrome	   c	   and	   liposomes	   formed	   with	   50	   and	   100%	   cardiolipin.	   The	  cardiolipin	  concentration	  and	  the	  cardiolipin	  content	  of	  the	  liposomes	  have	  been	  varied	  for	  these	  plots,	  which	  were	  all	  measured	  in	  the	  absence	  of	  NaCl.	  As	  with	  20%	  CL-­‐content,	   the	  Stern-­‐Volmer	   constants	   were	   obtained	   using	   equation	   4.1.	   In	   order	   to	   extract	   any	  meaningful	   information	   about	   solvent	   accessibility	   from	   these	   constants,	   one	  would	   need	  information	   about	   the	   fluorescence	   lifetime.	   This	   requirement	   poses	   a	   difficulty	   owing	   to	  the	   fact	   that	   the	  Langmuir	  model	   earlier	   employed	   to	   fit	   fluorescence	   and	  CD-­‐based	  dose	  response	  data	   invoked	  two	  conformations	  with	  different	   fluorescence	  quantum	  yields	  and	  thus	  different	  lifetimes.	  To	  resolve	  this	  issue,	  we	  assumed	  that	  the	  partially	  unfolded	  state	  exhibits	   the	   same	   quantum	   yield	   and	   thus	   the	   same	   lifetime	   as	   the	   cytochrome	   state	  denatured	   by	   either	   urea	   or	   guanidinium	   chloride.	   The	   corresponding	   lifetime,	  which	  we	  term	   τ2,	   is	   reported	   to	   be	   0.6	   ns.	  We	   then	   used	   the	   ratio	   of	   the	   fluorescence	   amplitudes	  obtained	  for	  the	  two	  liposome	  bound	  structures	  to	  estimate	  the	  fluorescence	  lifetime,	  τ1,	  of	  the	   native-­‐like	   state	   of	   liposome	   bound	   ferricytochrome	   c.	   	   Subsequently,	   we	   used	   the	  following	  equation	  to	  determine	  the	  effective	  Stern-­‐Volmer	  constant:	  	  	   	   	   	   𝐾!" = 𝜒!𝑘!!𝜏! + 𝜒!𝑘!!𝜏!	  	   	   	   	   (4.7)	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  where	  χ1	  and	  χ2	  are	  the	  mole	  fractions	  of	  the	  two	  cytochrome	  c	  conformations	  that	  we	  could	  calculate	   for	   20%	   CL	   liposomes	   based	   on	   the	   results	   of	   the	   analysis	   of	   Pandiscia	   and	  Schweitzer-­‐Stenner.177	  kq1	  and	  kq2	   are	   the	  quenching	   constants	   for	   the	   two	   conformations.	  We	   performed	   an	   iterative	   procedure	   by	   solving	   this	   linear	   equation	   for	   pairs	   of	  experimentally	   obtained	   KSV	   values.	   However	   the	   quenching	   rate	   values	   obtained	   were	  extremely	  large	  and	  in	  some	  cases,	  greater	  than	  the	  diffusion-­‐controlled	  constants,	  making	  these	  values	  unreliable.	  	  	  	  	  
	  
Figure	  4.26.	  Stern-­‐Volmer	  plots	  for	  50%	  and	  100%	  CL-­‐contents.	  The	  associated	  Ksv	  values	  are	  shown	  in	  Table	  4.5.	  	  	  	  
Table	  4.5.	  Stern-­‐Volmer	  constants	  for	  varying	  CL-­‐contents	  and	  concentrations.	  	  	  
CL-­‐Content	   Ksva	  [M-­‐1]	   Ksvb	  [M-­‐1]	   Ksvc	  [M-­‐1]	   Ksvd	  [M-­‐1]	   Ksve	  [M-­‐1]	  
50%	   0.91±0.1	   0.90±0.1	   1.17±0.28	   1.26±0.11	   1.33±0.41	  
100%	   	   0.40±0.1	   0.77±0.33	   	   1.23±0.44	  a37.5	  µM,	  b75	  µM,	  c100	  µM,	  d125	  µM,	  e200	  µM,	  f100	  mM,	  g200	  mM,	  h300	  mM	  CL-­‐concentrations.	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  To	   make	   sense	   of	   the	   unsuccessful	   attempt	   to	   retrieve	   physically	   meaningful	   quenching	  constants	  based	  on	   the	   results	   of	   our	  Langmuir	  based	  analysis	   of	  dose	   response	  data,	  we	  revisited	   our	   anisotropy	   data	   in	   Figure	   4.25.	   We	   observed	   a	   cardiolipin	   concentration	  independence	   of	   the	   fluorescence	   anisotropy	   values	   (Figure	   4.7)	   for	   all	   investigated	   CL-­‐contents.	   Since	   a	   cardiolipin	   independent	   compensation	   between	   the	   contribution	   of	  mobility	  and	  lifetime	  is	  highly	  unlikely,	  we	  interpret	  our	  data	  as	  indicating	  that	  both	  do	  not	  significantly	  change	  with	   increasing	  CL-­‐concentration.	   If	   this	  were	  true,	  we	  should	  be	  able	  to	  keep	  our	  fluorescence	  amplitudes	  constant	  while	  assuming	  two	  protein	  conformers:	  one	  native-­‐like	   state	   that	   had	  no	   fluorescence	   and	   one	  non-­‐native	   state	   that	   carried	   all	   of	   the	  fluorescence	  intensity.	  We	  could	  now	  assume	  that	  all	  fluorescing	  proteins	  have	  a	  lifetime	  of	  the	  unfolded	  protein	  state.	  Therefore	  the	  fluorescence	  intensity	  can	  only	  be	  assignable	  to	  a	  fraction	  of	  bound	  proteins,	  and	  an	  equilibrium	  between	  different	  conformations	  coexisting	  on	   the	   liposome	   surface	   has	   to	   be	   introduced,	   in	   resemblance	   of	   the	   C⇔E	   equilibrium	  observed	  by	  Pletneva	  and	  coworkers.105–107	  	  	  To	  investigate	  whether	  our	  liposome	  –	  protein	  mixtures	  can	  be	  described	  by	  an	  equilibrium	  between	  a	  native	   like,	  non	   fluorescing	  and	  an	  extended,	   fluorescent	  protein	   structure,	  we	  analyzed	  our	  data	  based	  on	  the	  following	  reaction	  scheme	  	   	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   𝑐𝑦𝑡 − 𝐶𝐿 !↕ 𝐾𝑐𝑦𝑡!"#$%& + 𝐶𝐿
𝐾!⇌ 𝑐𝑦𝑡 − 𝐶𝐿 !	   	   	   Scheme	  2	  
	  where	  1	  and	  2	  denote	  the	  two	  protein	  states	  on	  the	  membrane	  surface	  with	  two	  different	  equilibrium	  constants,	  which	  will	  be	  further	  discussed	  below.	  1	  corresponds	  to	  a	  conformer	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  with	   no	   fluorescence,	   while	   2	   is	   the	   conformer	   to	   which	   we	   have	   assigned	   all	   the	  fluorescence	  intensity.	  	  The	  1	  state	  is	  substantially	  more	  native-­‐like	  than	  the	  2	  state.	  K	  	  is	  the	  binding	  constant	  for	  the	  initial	  binding	  of	  the	  protein	  to	  the	  membrane	  surface.	  This	  model	  assumes	  that	  interactions	  between	  cytochrome	  c	  and	  CL-­‐containing	  liposomes	  involve	  just	  a	  single	   binding	   step	   and	   a	   subsequent	   conformational	   transition	   from	   conformer	   1	   to	  conformer	  2.	  	  We	   again	   used	   a	   spectroscopic	   response	   function	   to	   express	   that	   conformational	   changes	  give	   rise	   to	  different	   spectroscopic	  values.	  The	  binding	   function	   is	   shown	   in	   the	   following	  equation:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑠 𝐶𝐿 = 𝑠! + 𝑠! ∙ 𝐾 ∙ [𝐶𝐿] + 𝑠! ∙ 𝐾 ∙ 𝐾! ∙ [𝐶𝐿] 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4.8)	  	  	  where	   [CL]	   are	   the	   concentration	   of	   free	   cardiolipins,	   s0	   is	   the	   spectroscopic	   value	   of	   the	  fully	  folded	  protein	  in	  the	  absence	  of	  liposomes,	  s1	  is	  the	  spectroscopic	  value	  for	  the	  protein	  conformer	  1	  and	  s2	  are	  the	  respective	  spectroscopic	  values	  for	  the	  protein	  conformer	  2.	  The	  spectroscopic	   response	   function	   accounts	   for	   the	   CD	   (ΔΔε),	   fluorescence	   (f),	   polarized	  fluorescence	   (Ivv,	   Ivh),	   and	   the	   695	   nm	   absorbance	   (ε)	  measured	   in	   our	   study.	   The	   grand	  partition	  sum,	  G,	  is	  written	  as	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝐺 = 1 + 𝐾 ∙ 𝐶𝐿 + 𝐾 ∙ 𝐾! ∙ [𝐶𝐿]	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4.9)	  	  The	  free	  lipids	  can	  now	  be	  calculated	  by	  utilizing	  the	  law	  of	  mass	  conservation	  which	  leads	  to	  the	  quadratic	  equation:	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   𝐶𝐿 ! = 𝑐𝑦𝑡 ! − ! !!""! !" !! !"# !! + ! !!""! !" !! !"# !! ! + !"# !!!"" 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   	   	   	   	   	   	   	   (4.10)	  	  where	   Keff	   is	   the	   overall	   binding	   constant	   for	   the	   first	   binding	   step	   and	   conformational	  transition.	  	   	   	  	   	   	   	   	   𝐾!"" = 𝐾 ∙ 1 + 𝐾! 	   	   	   	   (4.11)	  	  and	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	     𝐶𝐿 ! = 𝐶𝐿 ! − 𝐶𝐿 ! 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4.12)	  	  Since	  proteins	  are	  significantly	  larger	  than	  lipids,	  the	  lipids	  themselves	  can	  be	  expressed	  as	  one	   continuous	   binding	   plane.	   At	   high	   cardiolipin	   contents	   and	   in	   the	   presence	   of	   lipid	  demixing	  conditions,	  the	  membrane	  surface	  can	  be	  considered	  continuous	  and	  the	  excluded	  volume	  of	  the	  surface	  is	  four	  times	  the	  cross	  sectional	  area	  of	  the	  protein,	  which	  limits	  the	  amount	  of	  space	  the	  protein	  has	  to	  bind	  to.	  Each	  protein	  that	  binds	  to	  the	  membrane	  surface	  occupies	   an	   area	   of	  ΔA	   and	   the	   total	   area	   of	   the	   surface	   is	   given	   by	  nΔA,	   which	   assumes	  complete	  saturation	  of	  the	  surface	  with	  n	  protein	  molecules.	  To	  account	  for	  high	  saturation	  of	  the	  membrane	  surface	  at	  low	  cardiolipin	  concentrations	  we	  utilized	  a	  van	  der	  Waals	  term	  derived	  by	  Heimburg	  and	  Marsh.88	  We	  assume	  that	  the	  adsorbed	  proteins	  on	  the	  membrane	  surface	   form	  a	  two-­‐dimensional	  gas.	  The	  more	  proteins	  that	  bind	  to	  the	  surface,	   the	  more	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  the	  ‘gas’	  has	  to	  be	  compressed.	  The	  van	  der	  Waals	  equation	  of	  state	  therefore	  accounts	  for	  the	  lateral	  pressure	  of	  this	  two-­‐dimensional	  gas.	  	  	  	  As	  shown	  by	  Heimburg	  and	  Marsh88,	  the	  apparent	  binding	  constant,	  K,	  can	  be	  described	  by	  the	  following	  equation:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝐾 = 𝐾! ∙ 𝐿 − 𝐶𝐿! ∙ 𝑒 !!"!!!!"! !!∙!!""∙!"!! 	   	   	   (4.13)	  	  where	   K0	   is	   the	   intrinsic	   binding	   constant,	   CLb	   is	   the	   number	   of	   bound	  cardiolipins/liposomes,	   L	   is	   the	   number	   of	   cardiolipin	   lipids	   per	   liposome,	   and	  Kagg	   is	   an	  aggregation	   constant,	   which	   accounts	   for	   the	   possibility	   of	   protein	   aggregation	   at	   a	   high	  surface	  density.	  The	  exponential	   term	  here	  accounts	   for	  the	  cumulative	  change	  of	   the	   free	  energy	   of	   the	   system,	  which	   depends	   on	   the	   number	   of	   bound	   proteins.	   The	   free	   energy	  term	   includes	   the	   distributional	   entropy	   due	   to	   lipid	   demixing,	   and	   non-­‐ideal	   surface	  interactions	  between	  the	  proteins.	  	  
Kc	  depends	  on	  the	  CL-­‐concentration,	  which	  is	  described	  by	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  𝐾! = 𝐾!,!"# ∙ 𝑓(𝐶𝐿) + 𝐾!,!!"! ∙ 1 − 𝑓(𝐶𝐿) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4.14)	  	  Here	  we	   introduced	   two	  phases	   under	   the	   assumption	   that	   the	   equilibrium	   constants	   for	  the	   two	   protein	   conformers	   are	   changing	   as	   a	   function	   of	   cardiolipin	   concentration,	  supported	  by	  experimental	  work	  of	  Pletneva	  and	  coworkers.105	  Since	  we	  utilized	  a	  range	  of	  cardiolipin	   concentrations,	   the	   surface	   occupation	   of	   our	   liposomes	   changes	   (i.e.	   low	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  cardiolipin	  concentrations	  provide	  a	  higher	  surface	  occupation	  of	  the	   liposomes).	  We	  thus	  described	  our	  conformational	  changes	  upon	  binding	  with	  two	  protein	  conformers:	  one	  that	  accounted	   for	   cytochrome	  c	   –	   liposomes	  mixtures	  at	   low	  CL	  –	   concentrations	  and	  one	   for	  high	   CL–concentrations.	   These	   two	   phases	   account	   for	   the	   molecular	   crowding	   of	   the	  liposome	  surface	  at	  low	  cardiolipin	  concentration	  when	  the	  extended	  state	  of	  the	  protein	  is	  not	  favored	  under	  high	  occupation	  conditions.	  	  	  
f(CL)	   is	   a	   phase	   transition	   between	   two	   states	   of	   the	   membrane	   shown	   by	   a	   Hill-­‐type	  equation.	  	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑓 𝐶𝐿 = ! !!"# !!! ! !!"# !	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4.15)	  	  where	   n	   is	   a	   Hill	   coefficient.	   Equation	   4.15	   is	   heuristic	   and	   might	   also	   reflect	   lipid	  mixing/demixing.	  kmod	  is	  a	  constant	  that	  reflects	  the	  Gibbs	  energy	  of	  the	  transition	  between	  the	  two	  phases	  of	   the	  membrane.	  While	  a	  Hill	  coefficient	  accounts	   for	  the	  cooperativity	  of	  the	  transition,	  the	  binding	  itself	  is	  non-­‐cooperative.	  All	  the	  cooperativity	  is	  now	  assigned	  to	  the	  membrane	  changes.	  The	  surface	  density,	  σ,	   can	  be	  expressed	   in	  terms	  of	   the	   free	   lipid	  concentration	  by	  using	  the	  equation:	  	   	   	   	   	   	   𝜎 = !" !! !" ∙!!! 	   	   	   	   (4.16)	  	  where	  NA	  is	  Avogadro’s	  number	  and	  L	  is	  the	  number	  of	  cardiolipins	  per	  liposome.	  Since	  our	  protein	   concentration	   remains	   constant	   throughout	   our	   experiments,	   at	   low	   cardiolipin	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  concentrations	  the	  effective	  volume	  the	  protein	  has	  to	  bind	  to	  is	  significantly	  reduced	  at	  low	  lipid	  concentrations.	  	  	  The	  fits	  to	  our	  dose	  response	  data	  described	  by	  this	  one	  site	  isotherm	  are	  shown	  in	  Figures	  4.27-­‐4.30.	  Figure	  4.27	  shows	  the	  corresponding	  ΔΔε-­‐value	  of	  the	  CD	  spectra	  obtained	  while	  the	   total	   integrated	   intensities	  of	   the	  CT-­‐band	  at	  695	  nm	  are	  depicted	   in	  Figure	  4.28.	  The	  fluorescence	   titrations	   shown	   in	   Figure	   4.29	   were	   obtained	   by	   plotting	   the	   integrated	  intensity	  of	  the	  most	  intense	  W59	  sub-­‐band	  as	  a	  function	  of	  cardiolipin	  concentration.	  The	  corresponding	  polarized	  fluorescence	  intensities	  measured	  at	  340	  nm	  are	  plotted	  in	  Figure	  4.30.	   The	   solid	   lines	   in	   these	   figures	   reflect	   the	   one	   site	   isotherm	   fitting	   procedure.	   The	  corresponding	  binding	  and	  equilibrium	  constants	  and	  Hill	  coefficients	  are	  listed	  in	  Table	  4.6	  while	  the	  spectroscopic	  parameters	  are	  presented	  in	  Table	  4.7.	  	  	  We	  used	  the	  formalism	  introduced	  above	  to	  analyze	  all	   these	  data	  sets	   in	  a	  self	  consistent	  way.	  The	  same	  K0,	  KC,low,	  KC,high,	  and	  kmod	  values	  were	  used	  for	  all	  dose	  response	  fluorescence	  and	  CD	  data	  measured	  with	  the	  same	  cardiolipin	  content.	  An	  exception	  from	  the	  rule	  had	  to	  be	  made	   for	   the	  695	  nm	  dose	   response.	  We	   found	   that	   any	   fit	   to	   the	   corresponding	  dose	  response	   data	   worked	   fine	   at	   low	   and	   intermediate	   lipid	   concentrations,	   but	   failed	   to	  account	   for	   the	   absence	   of	   this	   band	   in	   the	   spectra	   taken	   at	   high	   lipid	   concentration.	   In	  order	  to	  fit	  this	  band	  we	  had	  to	  allow	  for	  the	  695	  nm	  intensity	  of	  the	  non-­‐native	  conformer	  to	  vary	  with	  [CL]	  according	  to	  the	  following	  equation:	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑠! = 𝑠!,!"# ∙ 𝑓′ [𝐶𝐿] 	   	   	   	   (4.17)	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  where	   s1,low	   is	   the	   integrated	   oscillator	   strength	   of	   the	   bound	   cytochrome	   c	   at	   low	   lipid	  concentration.	  f’	  is	  a	  Hill	  type	  function	  as	  described	  by	  equation	  4.15.	  However,	  for	  the	  fit	  we	  allowed	   the	   kmod’	   constant	   to	   deviate	   from	   the	   kmod	   value	   (Table	   4.6)	   we	   used	   for	   the	  fluorescence	   and	   CD	   data.	   With	   regard	   to	   the	   quality	   of	   the	   fitting	   we	   tolerated	   minor	  discrepancies	  between	  experimental	  and	  computed	  dose	  response	  sets	  in	  order	  to	  maintain	  the	   global	   character	   of	   our	   procedure.	   In	   the	   next	   paragraph	   we	   confine	   ourselves	   to	   a	  discussion	  of	  the	  parameters	  obtained	  from	  experiments	  performed	  in	  the	  absence	  of	  salt.	  The	  influence	  of	  NaCl	  on	  all	  our	  data	  is	  the	  subject	  of	  the	  subsequent	  section.	  	  	  	  
	  
Figure	  4.27.	  The	  effect	  of	  cardiolipin	  concentration	  on	  ΔΔε	  of	  the	  couplet	  peak	  of	  the	  ECD	  spectra	   of	   20%	   (black),	   50%	   (red),	   and	   100%	   (blue)	   CL-­‐content.	   The	   two	   omitted	  cardiolipin	  concentrations	  are	  symbolized	  by	  triangles.	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Figure	  4.28.	  The	  effect	  of	   the	  cardiolipin	  content	  on	   the	   integrated	  absorption	   intensities	  (fε)	   of	   the	   695	   nm	   absorption	   band	   as	   a	   function	   of	   cardiolipin	   concentration.	   The	   CL-­‐contents	  are	  depicted	  by	  the	  following:	  20%	  (black),	  50%	  (red),	  and	  100%	  (blue).	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Figure	   4.29.	   	   Integrated	   fluorescence	   intensity	   at	   340	   nm	   as	   a	   function	   of	   cardiolipin	  concentration	   for	  20%	   (black),	   50%	   (red),	   and	  100%	   (blue)	  CL-­‐content.	  The	   two	  omitted	  cardiolipin	  concentrations	  are	  symbolized	  by	  triangles.	  	  	  	  
	  
Figure	  4.30.	   Parallel	   (left)	   and	  perpendicularly	   (right)	  polarized	   fluorescence	   intensity	  at	  340	  nm	  as	   a	   function	  of	   cardiolipin	   concentration	   for	  20%	   (black),	   50%	   (red),	   and	  100%	  (blue)	  CL-­‐content.	  The	  two	  omitted	  cardiolipin	  concentrations	  are	  symbolized	  by	  triangles.	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Table	   4.6.	   One-­‐site	   isotherm	   binding	   constants	   and	   Hill	   coefficients	   obtained	   from	   the	  global	  fitting	  of	  the	  CD,	  fluorescence,	  and	  absorption	  titration	  data.	  	  
 
CL-­‐Content	   K0	  [M-­‐1]	   Kc,low	   Kc,high	   n1	   kmod	   kmod’	  
20%	   20±5	   0.23±0.1	   1.45±0.1	   4.7±1.0	   0.052±0.006	   0.035	  
50%	   20f	   0.12±0.03	   1.3±0.06	   4.7±1.0	   0.06±0.002	   0.021	  
100%	   35±20	   0.16±0.03	   1.1±0.1	   5.5±1.0	   0.056±0.008	   0.056	  
20%	  +	  NaCla	   20±5	   0.00g	   0.37±0.05	   1.7±0.7	   0.052±0.006	   	  50%	  +	  NaClb	   20	   0.09±0.05	   0.46±0.1	   5.0±1.0	   0.06±0.002	   	  100%	  +	  NaClc	   7±4	   0.17±0.03	   0.32±0.05	   5.5±2.0	   0.056±0.008	   	  20%	  +	  NaClb	   20±5	   0.0g	   0.34±0.04	   1.7±0.7	   0.052±0.006	   0.002	  
50%	  +	  NaClc	   20	   0.1±0.05	   0.23±0.0	   5.0±1.0	   0.06±0.002	   0.006	  
100%	  +	  NaCld	   2.2±0.6	   0.17±0.1	   0.28±0.05	   5.5±2.0	   0.056±0.008	   	  20%	  +	  NaCle	   20±5	   0.0g	   0.31±0.04	   1.7±.0.7	   0.052±0.006	   	  50%	  +	  NaCld	   20	   0.1±0.03	   0.16±0.1	   5.0±1.0	   0.06±0.002	   	  a50	  mM	  NaCl,	   b100	  mM	  NaCl,	   c200	  mM	  NaCl,	   d300	  mM	  NaCl,	   e150	  mM	  NaCl,	   fThis	   is	   the	  minimal	  value	  consistent	  with	  the	  experimental	  data,	  gValues	  have	  been	  set	  to	  zero	  because	  no	  values	  larger	  than	  zero	  carried	  enough	  statistical	  significance.	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Table	  4.7.	  One-­‐site	  isotherm	  spectroscopic	  values	  obtained	  from	  the	  global	  fitting	  of	  the	  CD,	  fluorescence,	  and	  absorption	  titration	  data.	  	  
 
CL	  Content	  	   20%	   50%	   100%	  
ΔΔε0	  [M-­‐1	  cm-­‐1]	   -­‐22	   -­‐22	   -­‐22	  
ΔΔε1	  [M-­‐1	  cm-­‐1]	   -­‐12	   -­‐15	   -­‐2	  
ΔΔε2	  [M-­‐1	  cm-­‐1]	   14	   12	   2	  
f1	   0	   0	   0	  
f2	   3300	   3500	   3600	  
Iǁ1	   0	   0	   0	  
Iǁ2	   80	   52	   45	  
I	  1	   0	   0	   0	  
I	  2	   32	   21	   18	  
ε695,0	  [M-­‐1	  cm-­‐1]	   1.4·105	   1.4·105	   1.4·105	  
ε695,1	  [M-­‐1	  cm-­‐1]	   2.6·105	   2.2·105	   1.9·105	  
ε695,2	  [M-­‐1	  cm-­‐1]	   0	   0	   0	  
	   	   	   	  
	   20%	  +	  NaCla	   50%	  +	  NaClb	   100%	  +	  NaClc	  
ΔΔε0	  [M-­‐1	  cm-­‐1]	   -­‐12	   -­‐12	   -­‐20	  
ΔΔε1	  [M-­‐1	  cm-­‐1]	   -­‐22	   -­‐20	   -­‐10	  
ΔΔε2	  [M-­‐1	  cm-­‐1]	   17	   28	   2	  
f1	   0	   0	   0	  
f2	   3300	   3500	   3600	  
Iǁ1	   0	   0	   0	  
Iǁ2	   120	   80	   100	  
I	  1	   0	   0	   0	  
I	  2	   45	   28	   35	  
	   	   	   	  
	   20%	  +	  NaClb	   50%	  +	  NaClc	   100%	  +	  NaCld	  
ΔΔε0	  [M-­‐1	  cm-­‐1]	   -­‐12	   -­‐20	   -­‐20	  
ΔΔε1	  [M-­‐1	  cm-­‐1]	   -­‐20	   -­‐16	   -­‐15	  
ΔΔε2	  [M-­‐1	  cm-­‐1]	   22	   12	   12	  
f1	   0	   0	   0	  
f2	   3400	   3500	   3600	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Iǁ1	   0	   0	   0	  
Iǁ2	   130	   100	   95	  
I	  1	   0	   0	   0	  
I	  2	   65	   28	   28	  
ε695,0	  [M-­‐1	  cm-­‐1]	   1.4·105	   1.4·105	   N/A	  
ε695,1	  [M-­‐1	  cm-­‐1]	   2.1·105	   2.2·105	   N/A	  
ε695,2	  [M-­‐1	  cm-­‐1]	   0	   0	   N/A	  
	   	   	   	  
	   20%	  +	  NaCle	   50%	  +	  NaCld	   	  
ΔΔε0	  [M-­‐1	  cm-­‐1]	   -­‐14	   -­‐20	   	  
ΔΔε1	  [M-­‐1	  cm-­‐1]	   -­‐20	   -­‐22	   	  
ΔΔε2	  [M-­‐1	  cm-­‐1]	   22	   12	   	  
f1	   0	   0	   	  
f2	   2500	   3500	   	  
Iǁ1	   0	   0	   	  
Iǁ2	   100	   140	   	  
I	  1	   0	   0	   	  
I	  2	   36	   35	   	  
a50	  mM	  NaCl,	  b100	  mM	  NaCl,	  c200	  mM	  NaCl,	  d300	  mM	  NaCl,	  e150	  mM	  NaCl	  	  	  	  Table	  4.6	   suggests	   that	   the	   intrinsic	  binding	  constant	  of	   cytochrome	  c	   varies	  with	   the	  CL-­‐content,	  but	  the	  differences	  lie	  within	  the	  obtained	  error	  margins.	  However,	  the	  real	  binding	  affinity	   is	   actually	   reflected	   by	   the	   apparent	   binding	   constant,	   Kapp,	   as	   a	   function	   of	  cardiolipin	  concentration	  for	  different	  CL-­‐contents,	  which	  is	  shown	  in	  Figure	  4.31.	  The	  Kapp	  reflects	   contributions	   from	   the	   van	   der	   Waals	   term	   that	   describes	   the	   continuous	  membrane	   surface,	   as	   well	   as	  Kc	   and	   its	   cardiolipin	   concentration	   dependence.	   Here	   the	  apparent	  binding	  constants	   increase	  substantially	  with	   increasing	  CL-­‐contents,	  which	   is	   in	  line	  with	  what	  our	  experimental	  data	  suggest.	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Figure	   4.31.	   	   Apparent	   binding	   constant	   Kapp	   plotted	   as	   a	   function	   of	   the	   cardiolipin	  concentration	  for	  varying	  CL-­‐contents	  of	  the	  employed	  TOCL/DOPC	  liposomes.	  	  Neither	  kmod	  nor	  the	  Kc,high	  values	  listed	  in	  Table	  4.6	  exhibit	  a	  large	  variation	  with	  increasing	  cardiolipin	   content.	  Kc,low	   ,	   kmod	   and	   kmod’	   vary	   slightly	   and	   lie	  within	   the	  margins	   of	   error.	  
Kc,high	   slightly	   decreases	   with	   increasing	   CL	   content.	   From	   our	   obtained	   binding	   and	  equilibrium	  constants,	  we	  calculated	  the	  mole	  fractions	  of	  the	  unbound	  and	  bound	  proteins	  as	  a	   function	  of	  cardiolipin	  concentration	   for	  different	  cardiolipin	  contents.	  The	  equations	  used	  to	  obtain	  the	  mole	  fraction	  curves	  are	  shown	  below	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑥!"#$!"% = !!!!!∙ !" !!!∙!!∙[!"]	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4.18)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  𝑥!"# = !!∙[!"]!!!!∙ !" !!!∙!!∙[!"]	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4.19)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	   	  	  	  	  	  	  	  	  𝑥!!"! = !!∙!!∙[!"]!!!!∙ !" !!!∙!!∙[!"]	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4.20)	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  where	   χunbound	   is	   the	  mole	   fraction	   of	   the	   unbound	   protein	   and	   χlow	   and	   χhigh	   are	   the	  mole	  fractions	  for	  the	  native-­‐like	  and	  extended	  conformer,	  respectively.	  Figure	  4.32	  reveals	  that	  the	   increase	   of	   the	   liposomes’	   cardiolipin	   content	   leads	   to	   an	   earlier	   depletion	   of	   the	  unbound	  state	  with	  the	  native-­‐like	  conformer	  as	  the	  main	  beneficiary.	  	  	  	  
	  
Figure	   4.32.	   Mole	   fractions	   of	   cytochrome	   conformations	   in	   mixture	   with	   CL-­‐containing	  liposomes	  as	  a	  function	  of	  cardiolipin	  concentration.	  	  	  	  The	  fluorescence	  intensity	  parameter	  of	  the	  non-­‐native	  conformer	  in	  Table	  4.7	  is	  practically	  constant	  for	  all	  cardiolipin	  contents.	  These	  values	  support	  our	  binding	  model	  that	  suggests	  only	  one	  fluorescing	  conformer.	  The	  ΔΔε values	  decrease	  substantially	  with	  increasing	  CL-­‐content,	  indicating	  a	  more	  positive	  Cotton	  band	  with	  larger	  contents	  of	  CL.	  	  	  Our	   results	   currently	   indicate	   that	   there	   are	   more	   substantial	   changes	   to	   the	   tertiary	  structure	   in	   proximity	   to	   the	   heme	   than	   alterations	   to	   the	   area	   surrounding	   the	   W59	  residue.	  By	  measuring	  the	  wavelength	  difference	  between	  the	  CD	  and	  absorption	  spectra	  in	  the	  Soret	  band	  region	  (Figure	  4.33),	  we	  can	  further	  highlight	  the	  changes	  occurring	   in	  the	  heme	   pocket.	   As	   one	   can	   infer	   from	   Figure	   4.20,	   the	   blueshift	   is	  most	   pronounced	   in	   the	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  spectra	   observed	   with	   100%	   CL-­‐liposomes.	   Since	   we	   are	   only	   probing	   a	   fraction	   of	   the	  bound	   proteins	   using	   the	   695	   nm	   absorbance	   band,	   Figure	   4.23	   illustrates	   that	   at	   low	  cardiolipin	  concentrations	  for	  a	  subpopulation	  of	  20	  and	  50%	  CL-­‐content	  the	  M80	  ligand	  is	  still	  bound	  to	  the	  heme	  iron.	  We	  therefore	  wonder	  if	  the	  shift	  in	  the	  Soret	  absorbance	  band	  is	  really	  a	  result	  of	  an	  exchange	  of	  the	  distal	  ligand.	  	  We	  suggest	  that	  in	  order	  to	  explain	  this	  shift	  in	  absorbance,	  we	  assumed	  that	  upon	  binding	  of	  the	  protein	  to	  the	  membrane	  surface	  a	  change	  in	  the	   internal	  electric	   field	  of	   the	  protein	   is	  produced.	   	  We	  proceeded	  to	  calculate	  the	   change	   in	   the	   internal	   electric	   field	   of	   the	   protein	   due	   to	   the	   quadratic	   Stark	   effect.	  Following	  the	  theory	  of	  Schweitzer-­‐Stenner122	  and	  Manas	  et	  al.182,	  we	  estimated	  the	  change	  of	   the	  protein’s	   internal	   electric	   field	  using	   the	   following	   equation	  derived	   from	  a	   second	  order	  Schrödinger-­‐Rayleigh	  Perturbation	  theory:	  	  	  
	   	   	   	   	   Δ𝐸 = !"!!! !!!!! 	  	   	   	   	   (4.21)	  	  where	  µΒ	   is	  the	  total	  transition	  dipole	  moment	  (11	  D)	  for	  the	  B	  band	  of	   ferricytochrome	  c,	  and	  𝜈!	  and	  Δν	  are	  reference	  position	  of	  the	  band	  peak	  and	  wavenumber	  shift	  produced	  by	  the	   electric	   field	   change	  ΔE,	   respectively.	  ΔE	   is	   the	   estimated	   electric	   field	   strength.	   If	  we	  take	  the	  band	  positions	  of	  the	  Soret	  band	  obtained	  with	  20%	  CL	  at	  high	  lipid	  concentration	  (24539	  cm-­‐1)	  as	  a	   reference	  point,	   the	  blueshift	   for	  100%	  CL	   is	  60	  cm-­‐1.	  Therefore	   the	  ΔE	  value	  for	  100%	  CL-­‐content	   is	  7.6	  MV/cm.	  50%	  CL	  was	  omitted	  since	   it	  has	  the	  same	  peak	  position	  as	  20%	  CL.	  Based	  on	  results	  from	  molecular	  dynamics	  studies	  Biase	  et	  al.	  reported	  that	   applying	   a	   2.5	   MV/cm	   external	   electric	   field	   to	   native	   ferricytochrome	   c	   induces	  increased	  mobility	  and	  structural	  alternations	  to	  the	  protein,	   leading	  to	  the	  dissociation	  of	  the	   M80	   ligand.194	   Biase	   et	   al.’s	   data	   corroborate	   studies	   of	   ferricytochrome	   c	   bound	   to	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  negatively	   charged	   surfaces,	   which	   show	   that	   the	   population	   of	   a	   protein	   state	   that	   is	  hexacoordinated	   but	   lacks	   the	   M80	   ligation	   increases	   with	   the	   strength	   of	   the	   electric	  field.103,158,195	  Their	  electric	  field	  is	  relatively	  close	  to	  what	  we	  have	  estimated	  from	  our	  data,	  which	  suggests	   that	   the	  Stark	  effect	  could	  very	  well	  be	  producing	  a	  change	   in	   the	   internal	  electric	   field	   of	   the	   protein,	   shifting	   the	   absoprtion	   at	   low	   cardiolipin	   concentrations	   and	  increasing	   the	   splitting	  between	  Bx	  and	  By.	   These	   calculations	   support	   the	   theory	   that	   the	  membrane-­‐induced	  electric	  field	  changes	  the	  internal	  electric	  field	  of	  cytochrome	  c	  and	  can	  result	  in	  alterations	  to	  the	  heme	  pocket.	  	  	  	  
	  
Figure	   4.33.	   Soret	   band	   region	   absorption	   maximum	   position	   plotted	   as	   a	   function	   of	  cardiolipin	  concentration.	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  Since	  the	  model	  above	  fit	  the	  fluorescence	  data	  based	  on	  the	  assumption	  that	  only	  the	  non-­‐native	  conformation	  fluoresces	  and	  the	  fitting	  itself	  revealed	  only	  very	  limited	  variations	  of	  the	   corresponding	   fluorescence	   amplitude	  with	   changes	   of	   the	   CL	   content,	   we	   can	   safely	  assume	   the	   fluorescence	   lifetime	   to	  be	   independent	   of	   both	   the	  CL-­‐concentration	   and	   the	  CL-­‐fraction	   of	   the	   liposome.	   This	   is	   fine	   agreement	   with	   our	   anisotropy	   data,	   which	  indicates	   that	   rs	  does	  not	   significantly	   change	  with	   these	   two	  parameters.	   Based	  on	   these	  findings,	  we	  can	  use	  the	  average	  unfolded	  fluorescence	  lifetime	  of	  0.63	  ns	  reported	  by	  Das	  et	  al.196	  and	  obtain	  quenching	  rate	  constants	  shown	  in	  Figure	  4.34.	  If	  the	  solvent	  is	  able	  to	  quench	   the	   fluorescence,	   the	   protein	   is	   accessible	   to	   the	   solvent	   and	   the	   Stern-­‐Volmer	  constant	   will	   increase	   while	   the	   quenching	   rate	   constant	   will	   decrease.	   Ideally,	   if	   our	  modeling	  would	  encompass	  all	  species	  present	  on	  the	  liposome	  surface	  we	  would	  obtain	  a	  cardiolipin-­‐independent	  quenching	  constant.	  The	  obtained	  values	  are	  not	  too	  far	  away	  from	  this	   ideal	  behavior	  but	   tendencies	  of	  a	  slight	   increase	  of	  kq	  with	   increasing	  cardiolipin	  are	  discernible	  from	  the	  dose	  response	  to	  all	  cardiolipin/phosphocholine	  mixtures.	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Figure	  4.34.	  Stern-­‐Volmer	  quenching	  rate	  constants	  for	  varying	  CL-­‐contents	  and	  concentrations.	  	  	  	  	  	  
4.3.3	  Effects	  of	  NaCl	  on	  the	  Cardiolipin	  Dependency	  To	   probe	   the	   structural	   and	   binding	   effects	   of	   ions	   on	   liposome	   –	   protein	   mixtures,	   we	  measured	  the	  visible	  CD	  spectra,	  unpolarized	  and	  polarized	  W59	  fluorescence	  intensity,	  and	  695	  nm	  absorbance	  band	  as	  a	  function	  of	  cardiolipin	  concentration.	  For	  each	  CL-­‐content	  we	  varied	   the	   NaCl	   concentrations	   slightly	   to	   thoroughly	   probe	   how	   NaCl	   modulates	   the	  equilibrium	  between	   the	   two	  protein	  conformers	  of	  our	  one	  site	  binding	  model.	  The	  NaCl	  concentrations	  were	  the	  following:	  for	  20%	  CL	  50,	  100,	  and	  150	  mM	  NaCl,	  for	  50%	  CL	  100,	  200,	  and	  300	  mM	  NaCl,	  and	  for	  100%	  CL	  200	  and	  300	  mM	  NaCl.	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  The	  Soret	  band	  CD	  and	  absorbance	  spectra	  for	  20%	  CL	  are	  depicted	  in	  Figure	  4.4	  and	  50%	  and	   100%	   CL	   are	   shown	   in	   Figure	   4.35.	   The	   spectra	   for	   all	   three	   cardiolipin	   contents	  demonstrate	   that	   the	   addition	   of	   NaCl	   initiates	   the	   conversion	   of	   the	   protein	   back	   into	   a	  more	   native-­‐like	   state	   with	   the	   return	   of	   the	   CD	   couplet.	   The	   absorption	   bands	   at	   all	  cardiolipin	   concentrations	   also	   signify	   a	   native	   protein	   conformation	   since	   the	   band	  positions	  all	  coincide	  at	  410	  nm,	  indicating	  a	  low	  spin,	  hexacoordinated	  protein	  state	  with	  M80	  as	  sixth	  ligand.	  	  	  	  	  
	  
Figure	  4.35.	  Soret	  band	  CD	  (top)	  and	  absorption	  (bottom)	  of	  ferricytochrome	  c	  mixed	  with	  liposomes	  with	  50%	  (left)	  and	  100%	  (right)	  CL	  in	  the	  presence	  of	  200	  mM	  (for	  50%	  CL)	  and	  300	  mM	  (for	  100%	  CL)	  NaCl.	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  We	   measured	   the	   dose	   response	   data	   curves	   in	   the	   presence	   of	   salt	   using	   all	   five	  spectroscopies	  and	  subsequently	  fit	  the	  data	  with	  our	  binding	  isotherm.	  Figure	  4.36	  depicts	  the	   ΔΔε,	   integrated	   fluorescence	   intensity,	   and	   polarized	   fluorescence	   intensity	   for	   20%,	  50%,	  and	  100%	  as	  a	  function	  of	  cardiolipin	  concentration	  for	  50	  mM,	  100	  mM,	  and	  200	  mM	  NaCl,	  respectively.	  We	  then	  added	  100,	  200,	  and	  300	  mM	  of	  NaCl	  to	  20,	  50,	  and	  100%	  CL-­‐contents,	   respectively.	   The	  dose	   response	   curves	   for	   the	   spectroscopic	   data	   are	   shown	   in	  Figure	  4.37.	  The	  integrated	  intensity	  of	  the	  695	  nm	  absorption	  band	  for	  20	  and	  50%	  CL	  in	  the	   presence	   of	   NaCl	   is	   plotted	   in	   Figure	   4.38.	   The	   thermodynamic	   spectroscopic	  parameters	  obtained	  from	  a	  global	  fit	  of	  our	  1-­‐site	  model	  to	  these	  data	  are	  listed	  in	  Tables	  4.6	  and	  4.7.	  	  	  	  
	  	  
132	  
	  
Figure	   4.36.	   The	   effect	   of	   cardiolipin	   content	   on	   the	   ΔΔε	   of	   the	   ECD	   spectra	   (top	   left),	  integrated	   fluorescence	   intensity	  obtained	  at	  340	  nm	  (top	  right),	  and	  the	  parallel	   (bottom	  left)	   and	   perpendicular	   (bottom	   right)	   polarized	   fluorescence	   intensity	   as	   a	   function	   of	  cardiolipin	   concentration	   in	   the	   presence	   of	   various	  NaCl	   concentrations.	   The	   solid	   curve	  results	   from	  the	  fit	  discussed	  earlier	   in	  this	  section.	  Our	  NaCl	  concentrations	  were	  50	  mM	  for	  20%	  CL	  (black),	  100	  mM	  for	  50%	  CL	  (red),	  and	  200	  mM	  for	  100%	  CL	  (blue).	  The	  two	  lipid/protein	  ratios	  omitted	  for	  the	  fitting	  of	  the	  data	  are	  symbolized	  by	  triangles.	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Figure	  4.37.	  The	  effect	  of	  cardiolipin	  content	  on	  the	  ΔΔε	  of	  couplet	  peak	  of	  the	  ECD	  spectra	  (top	  left),	  integrated	  fluorescence	  intensity	  obtained	  at	  340	  nm	  (top	  right),	  and	  the	  parallel	  (bottom	   left)	   and	   perpendicular	   (bottom	   right)	   polarized	   fluorescence	   intensity	   as	   a	  function	  of	  cardiolipin	  concentration	   in	  the	  presence	  of	  NaCl.	  The	  solid	  curve	  results	   from	  the	  fit	  discussed	  earlier	  in	  this	  section.	  Our	  NaCl	  concentrations	  were	  100	  mM	  for	  20%	  CL	  (black),	   200	   mM	   for	   50%	   CL	   (red),	   and	   300	   mM	   for	   100%	   CL	   (blue).	   The	   two	   omitted	  lipid/protein	  ratios	  are	  symbolized	  by	  triangles.	  	  	  	  	  	  	  
	  	  
134	  
	  
Figure	  4.38.	  The	  effect	  of	  cardiolipin	  content	  on	  the	  integrated	  absorption	  intensities	  (fε)	  of	  the	  695	  nm	  absorption	  band	  as	   a	   function	  of	   cardiolipin	   concentration	   in	   the	  presence	  of	  NaCl.	   The	   solid	   curve	   results	   from	   the	   fit	   discussed	   earlier	   in	   this	   section.	   Our	   NaCl	  concentrations	  were	  100	  mM	  for	  20%	  CL	  (black)	  and	  200	  mM	  for	  50%	  CL	  (red).	  100%	  CL	  salted	  out	  in	  the	  presence	  of	  higher	  NaCl	  concentrations.	  	  	  	  The	  spectroscopic	  parameters	  in	  Tables	  4.7	  reveal	  that	  the	  fluorescence	  amplitude	  does	  not	  decrease	  in	  the	  presence	  of	  NaCl.	  However,	  the	  Kc,high	  decreases	  significantly	  with	  increasing	  salt	  concentration	  for	  all	  cardiolipin	  contents.	  Therefore,	  the	  spectroscopic	  amplitudes	  can	  be	  accounted	  for	  by	  the	  reduction	  of	  the	  Kc,high	  value.	  In	  our	  current	  one-­‐site	  binding	  model,	  the	  addition	  of	  salt	  decreases	  the	  fraction	  of	  non-­‐native	  conformers	  and	  since	  the	  apparent	  binding	  constant,	  Kapp,	  	  depends	  on	  Kc,	  this	  also	  causes	  a	  decrease	  of	  the	  binding	  affinity.	  The	  apparent	   binding	   affinities	   for	   varying	   CL-­‐contents	   in	   the	   presence	   of	   NaCl	   are	   shown	   in	  Figure	   4.39.	   Particularly	   for	   100%	   CL,	   Figure	   4.39	   illustrates	   a	   substantial	   drop	   in	   the	  binding	  affinity	  upon	  the	  addition	  of	  NaCl.	  At	  the	  highest	  salt	  concentration	  this	  amounts	  to	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  a	  decrease	  by	  nearly	  an	  order	  of	  magnitude.	  The	  cardiolipin	  concentration-­‐dependence	  of	  
Kapp	   is	  nearly	  eliminated	  even	   in	  the	  presence	  of	  150	  mM	  NaCl.	  This	  decrease	   in	  Kc,high	  and	  therefore	   Kapp	   reduces	   the	   number	   of	   bound	   proteins	   on	   the	   liposome	   surface	   which	  decreases	   the	  surface	  pressure,	  and	  relieves	   the	  molecular	   crowding.	  This	   is	  attributed	   to	  the	  van	  der	  Waals	  correction	  term,	  which	  at	  high	  salt	  concentrations	  reduces	  the	  number	  of	  receptor	  sites	  on	   the	  membrane	  surface.	  This	  allows	   for	   the	  protein	   to	  maintain	  or	  revert	  back	  to	  its	  native	  structure,	  eliminating	  the	  threat	  of	  apoptosis.	  	  	  	  	  	  	  
	  
Figure	  4.39.	   	  Apparent	  binding	  constants	   in	   the	  absence	  (black)	  and	  presence	  of	  NaCl	   for	  20%	  (left),	  50%	  (middle)	  and	  100%	  (right)	  CL-­‐content	  of	  the	  employed	  liposomes.	  	  	  	  Additionally	  the	  anisotropy	  and	  acrylamide	  fluorescence	  quenching	  results	  in	  the	  presence	  of	  NaCl	  are	  shown	  in	  Figures	  4.40	  and	  4.41,	  respectively.	  The	  Stern-­‐Vollmer	  constants	  are	  in	  Table	   4.8.	   The	   addition	   of	   NaCl	   increases	   the	   rs	   values	   for	   all	   CL-­‐contents	   with	   the	   lipid	  concentration.	  This	  increase	  becomes	  more	  pronounced	  with	  higher	  CL-­‐content	  liposomes	  so	  that	  with	  100%	  CL	  liposomes,	  the	  rs	  values	  reach	  0.25	  at	  high	  lipid	  concentration.	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Figure	  4.40.	  Steady-­‐state	  anisotropy	  values	  for	  varying	  CL-­‐contents	  in	  the	  presence	  of	  NaCl.	  	  	  	  The	  Stern-­‐Volmer	  plots	  illustrate	  that	  increasing	  the	  cardiolipin	  concentration	  increases	  the	  slope	   of	   the	   line	   and	   the	   Stern-­‐Volmer	   constants	   (Table	   4.8),	   which	   indicates	   increased	  accessibility	  of	  the	  solvent	  to	  the	  protein	  interior.	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Figure	  4.41.	  Stern-­‐Volmer	  plots	   for	   50%	  and	  100%	  CL-­‐contents	   in	   the	   presence	   of	  NaCl.	  The	  associated	  Ksv	  values	  are	  shown	  in	  Table	  4.8.	  	  	  
Table	  4.8.	  Stern-­‐Volmer	  constants	  for	  varying	  CL-­‐contents	  and	  concentrations	  in	  the	  presence	  of	  NaCl.	  	  	  
CL-­‐Content	   Ksva	  [M-­‐1]	   Ksvb	  [M-­‐1]	   Ksvc	  [M-­‐1]	   Ksvd	  [M-­‐1]	   Ksve	  [M-­‐1]	  
50%	  +	  NaClg	   0.55±0.09	   0.84±0.11	   0.80±0.41	   1.06±0.085	   0.85±0.18	  
100%	  +	  NaClh	   	   0.81±0.13	   0.67±0.12	   	   0.69±0.16	  a37.5	  µM,	  b75	  µM,	  c100	  µM,	  d125	  µM,	  e200	  µM,	  f100	  mM,	  g200	  mM,	  h300	  mM.	  
	   	   	   	   	  	  	  	  Figure	   4.42	   illustrates	   that	   in	   the	   presence	   of	   NaCl,	   the	   quenching	   rate	   constant	   remains	  between	  1.0	  and	  1.5	  M-­‐1ns-­‐1	  at	  all	  cardiolipin	  concentrations	  and	  contents,	  with	  exception	  of	  the	   lowest	   CL-­‐concentration.	   The	   most	   notable	   trend	   obtained	   from	   our	   acrylamide	  quenching	   experiments	   is	   the	   decrease	   in	   the	   quenching	   rate	   constant	   in	   the	   presence	   of	  NaCl.	  	  This	  explicitly	  shows	  that	  in	  the	  presence	  of	  NaCl,	  the	  W59	  residue	  is	  less	  accessible	  to	  the	  solvent,	  which	  suggests	  that	  the	  protein	  embeds	  itself	  into	  the	  lipid	  bilayer,	  consistent	  with	  the	  studies	  of	  Pletneva	  and	  coworkers.107	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Figure	  4.42.	  Stern-­‐Volmer	  quenching	  rate	  constants	  for	  varying	  CL-­‐contents	  in	  the	  presence	  of	  100,	  200,	  and	  300	  mM	  NaCl	  for	  20,	  50	  and	  100%	  CL	  respectively.	  	  	  	  	  	  	  
4.4	  DISCUSSION	  
4.4.1	  Summary	  of	  Results	  This	  chapter	  summarized	  two	  studies:	  one	  that	  probed	  the	  effects	  of	  lipid	  concentration	  and	  NaCl	  on	  physiological	  cardiolipin	  contents	  (20%	  TOCL/80%	  DOPC),	  and	  one	  that	  explored	  the	  effect	  of	  cardiolipin	  content	  on	  the	  binding	  of	  cytochrome	  c	  to	  liposomes	  in	  the	  absence	  and	   presence	   of	   NaCl.	   Both	   studies	   utilized	   Soret	   band	   CD,	   W59	   fluorescence,	   695	   nm	  absorption,	   and	  acrylamide	  quenching	  experiments	   to	   further	   investigate	   the	  binding	  and	  structural	   effects	   of	   different	   protein	   binding	   sites	   and	   conformations.	   The	  cardiolipin/phosphocholine	  mixtures	  form	  liposomes	  with	  the	  ionized	  phosphate	  groups	  of	  CL	  functioning	  as	  a	  quasi-­‐receptor	  for	  cytochrome	  c	  binding.	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  In	  our	  first	  study	  (section	  4.2)	  we	  were	  able	  to	  fit	  our	  20%	  CL/80%	  PC	  spectroscopic	  data	  sets	  with	   a	   Langmuir	   binding	   isotherm,	  which	   required	   the	   consideration	   of	   at	   least	   two	  independent	   protein	   binding	   sites	   with	   different	   binding	   affinities	   and	   spectroscopic	  properties.	  Binding	  via	  the	  high	  affinity	  site	  1	  causes	  rather	  limited	  structural	  changes	  of	  the	  protein	  in	  samples,	  whereas	  binding	  via	  site	  2	  at	  higher	  cardiolipin	  concentrations	  induces	  W59	  fluorescence	  and	  the	  conversion	  of	  the	  Soret	  band	  couplet	  into	  a	  positive	  Cotton	  band.	  	  The	  equilibrium	  constants	  for	  both	  conformers	  prove	  unresponsive	  to	  NaCl,	  suggesting	  little	  to	  no	  binding	  inhibition	  upon	  the	  addition	  of	  NaCl.	  Instead	  the	  addition	  of	  salt	  changes	  the	  spectroscopic	  amplitudes,	  reducing	  the	  fraction	  of	  the	  more	  unfolded	  state.	  	  	  	  In	   section	   4.3	  we	   explored	   the	   cardiolipin	   content	   dependence	   of	   cytochrome	   binding	   to	  liposomes.	  To	  this	  end	  we	  utilized	  a	  different	  binding	  isotherm	  to	  explain	  our	  data.	  Here	  we	  applied	  a	  model	  where	  the	  protein	  binds	  to	  the	  cardiolipin-­‐containing	  liposome	  surface	  via	  one	  binding	  step,	  which	  is	  subsequently	  followed	  by	  a	  conformational	  transition	  between	  a	  native-­‐like	   and	   more	   unfolded	   state.	   In	   an	   attempt	   to	   account	   for	   molecular	   crowding	  effects	  at	  low	  lipid	  concentration	  and	  the	  absence	  of	  individual	  binding	  sites	  in	  the	  case	  of	  lipid	  demixing	  induced	  by	  protein	  binding,	  we	  used	  the	  van	  der	  Waals	  isotherm	  derived	  by	  Heimburg	   and	   Marsh.88	   The	   more	   native-­‐like	   conformer	   leaves	   the	   ligation	   state	   of	   the	  protein	   intact	   and	   causes	   only	   minor	   structural	   changes,	   which	   induces	   increases	   of	   the	  Soret	   band	   CD	   couplet.	   The	   more	   extended	   conformer	   shows	   a	   substantial	   increase	   in	  fluorescence	   intensity	   with	   a	   W59	   moiety	   accessible	   to	   the	   solvent.	   Increasing	   the	  cardiolipin	  content	  of	  the	  liposome	  composition	  leads	  to	  an	  increase	  of	  the	  effective	  binding	  affinity	   for	   cytochrome	   c	   binding	   that	   actually	   reflects	   the	   increased	   occupation	   of	   the	  liposome	   surface	   by	   proteins.	   Moreover,	   the	   additional	   cardiolipin	   head	   groups	   in	   the	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  vicinity	   create	  an	  additional	   electric	   field,	  which	   increases	   the	   splitting	  of	   the	  B-­‐band	  and	  thus	   the	   non-­‐coincidence	   between	   absorption	   and	   CD.	   The	   addition	   of	   NaCl	   shifts	   the	  equilibrium	   towards	   the	  more	   compact	   conformer,	   regaining	   the	   Soret	   band	   CD	   couplet,	  relegation	   of	   Fe-­‐M80,	   and	   reducing	   the	   fluorescence	   intensity.	   This	   also	   leads	   to	   the	  reduction	   of	   the	   overall	   binding	   affinity,	   and	   binding	   inhibition	   by	   NaCl	   substantially	  increases	  with	  increasing	  cardiolipin	  content.	  Finally,	  the	  appearance	  of	  the	  625	  nm	  band	  at	  high	   concentrations	   of	   100%	   cardiolipin	   liposomes	   suggest	   the	   population	   of	   a	  pentacoordinated	  quantum	  mixed	  state,	  which	  can	  be	  expected	  to	  show	  a	  high	  peroxidase	  capacity.	  	  	  
4.4.2	  Structure	  and	  Conformers	  Varying	   the	   cardiolipin	   content	   of	   the	   liposomes	   could	   give	   us	   insights	   not	   only	   about	  possible	   mechanisms	   and	   conformations	   not	   occurring	   at	   20%	   CL	   conditions,	   but	  additionally,	   since	   the	   cardiolipin	   content	   of	   the	   inner	   mitochondrial	   membrane	  substantially	   increases	  during	  peroxidase	  activity,	  we	  can	   increase	   the	  cardiolipin	  content	  of	  our	  liposomes	  to	  probe	  the	  interactions	  of	  cytochrome	  c	  at	  the	  physiological	  conditions	  at	  which	  the	  protein	  functions	  as	  a	  peroxidase.	  We	  additionally	  varied	  the	  NaCl	  concentration	  of	  these	  liposomes	  in	  order	  to	  clarify	  the	  role	  of	  NaCl	  in	  the	  mitochondria	  and	  how	  it	  affects	  the	   conformations	  cytochrome	  c	   adopts	   in	  order	   to	   carry	  out	  both	  electron	   transport	  and	  peroxidase	  activity.	  	  The	   following	  results	  derived	   from	  the	  one-­‐site	  binding	  analysis	  are	  of	  particular	   interest.	  First,	  we	  found	  that	  the	  values	  that	  we	  obtained	  for	  the	  kmod’	  from	  the	  fit	  to	  the	  695nm	  data	  are	   very	   close	   to	   the	   kmod	   values	   obtained	   from	   the	   CD	   and	   fluorescence	   data.	   	   This	  additionally	   shows	   that	   changes	   of	   the	   equilibrium	   between	   native-­‐like	   and	   non-­‐native	  
	  	  
141	  conformation	  are	  correlated	  with	  the	  disappearance	  of	  the	  695	  nm	  band.	  The	  binding	  step	  described	   by	   the	   constant	   K0	   is	   independent	   of	   NaCl	   (with	   the	   exception	   of	   100%	   CL),	  suggesting	   that	   the	   actual	   binding	   of	   the	   protein	   to	   the	   liposome	   surface	   proceeds	   via	  predominantly	  hydrophobic	  interactions.	  However,	  Kc,high	  decreases	  substantially	  with	  NaCl.	  Since	   the	  apparent	  binding	  affinity	   reflects	   the	  overall	  binding	  and	  equilibrium	  constants,	  the	  significant	  decrease	  of	  Kapp	  in	  the	  presence	  of	  NaCl	  (Figure	  4.39)	  is	  not	  surprising.	  Here,	  the	  function	  of	  salt	  is	  to	  shift	  the	  equilibrium	  from	  the	  extended	  conformer	  to	  the	  compact	  and	   unbound	   conformers.	   This	   additionally	   lowers	   the	   surface	   coverage,	   reducing	   the	  number	  of	  receptors	  the	  protein	  is	  bound	  to.	  Second,	  the	  influence	  of	  the	  NaCl	  effect	  is	  very	  dependent	  on	   the	  cardiolipin	  content	  of	   the	   liposomes.	  The	  K0	  values	  steadily	  decrease	  as	  the	  cardiolipin	  content	  increases.	  However,	  only	  for	  100%	  CL,	  in	  the	  presence	  of	  NaCl	  is	  Keff	  cut	   in	   half,	   indicating	   dissociation	   of	   the	   protein	   from	   the	   surface.	   The	   addition	   of	   NaCl	  reduces	   the	   fraction	  of	   the	  more	  unfolded	   conformer,	   illustrated	  by	   the	   conversion	  of	   the	  positive	  CD	  Cotton	  band	  back	  to	  a	  couplet	  and	  the	  decrease	  in	  the	  fluorescence	  intensity	  in	  the	  presence	  of	  NaCl.	  	  	  The	   idea	   of	   the	   existence	   of	   two	   coexisting	   states	   of	   cytochrome	   c	   on	   the	   surface	   of	   CL-­‐containing	   liposomes	   has	   been	   put	   forward	   before	   by	   Pletneva	   and	   coworkers,	   as	   briefly	  mentioned	  above.105	  Hanske	  et	  al.106	  substituted	  the	  heme	  iron	  by	  Zn	  and	  measured	  the	  Zn-­‐porphyrin	   fluorescence	   anisotropy	   as	   a	   function	   of	   lipid	   concentration	   for	   a	   fixed	  concentration	   of	   cytochrome	   c.	   The	   obtained	   binding	   curve	   is	   monophasic	   and	   the	  corresponding	  binding	  constant	  is	  1.5∙104	  M-­‐1.	  Since	  they	  used	  50%/50%	  mixtures	  of	  TOCL	  and	  DOPC,	  the	  corresponding	  binding	  constant	  for	  CL-­‐binding	  is	  actually	  6.0∙104	  M-­‐1	  (again,	  we	  consider	  the	  fact	  that	  only	  half	  of	  the	  lipids	  are	  in	  the	  outer	  membrane	  of	  the	  liposomes,	  E.	  Pletneva,	  private	  communication).	  Our	  Kapp	  binding	  constant	  is	  slightly	  larger	  (2.2∙105	  M-­‐
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  1).	  The	  main	  part	  of	  the	  work	  reported	  by	  these	  authors	  involved	  measuring	  and	  analyzing	  the	   fluorescence	  energy	   transfer	  between	   four	  dansyl	   labels	  of	   the	  protein	   and	   the	  heme.	  Distance	   distributions	   emerging	   from	   these	   data	   strongly	   suggest	   the	   coexistence	   of	   two	  populations	   of	   protein	   conformations,	   one	   with	   a	   compact,	   molten	   globule-­‐like	  conformation	   C	   and	   another	   one	  with	  more	   extended	   structures	   E	   in	  which	   the	   contacts	  between	  N-­‐	  and	  C-­‐helix	  are	  broken.105	  These	  results	  are	  consistent	  with	  our	  50%	  CL-­‐content	  data,	  which	  show	  a	  native-­‐like	  conformation	  at	  low	  cardiolipin	  concentrations,	  which	  shifts	  to	  a	  more	  extended,	  non-­‐native	  structure	  at	  high	  cardiolipin	  concentrations.	  Their	  E-­‐state	  is	  more	  unfolded	   than	   their	  more	  compact	  C-­‐state;	   it	   is	   therefore	  reasonable	   to	  assume	  that	  the	   former	   exhibits	   much	   more	   W59	   fluorescence	   than	   the	   C-­‐state.	   We	   cannot	   directly	  identify	   our	   native-­‐like	   conformer	   with	   the	   compact	   state	   of	   the	   Pletneva	   group	   for	   the	  following	   reason.	   The	   structure	   that	   we	   call	   our	   native-­‐like	   conformer	   has	   some	  resemblance	  with	  Pletneva’s	  compact	  state,	  which	  has	  a	  substantial	  fraction	  that	  is	  native-­‐like.	  Their	  C	   state	  distribution	  overlaps	  with	   the	   conformational	  distribution	  obtained	   for	  the	  folded	  native	  state.	  It	  therefore	  likely	  reflects	  a	  mixture	  of	  native	  state	  unbound,	  native-­‐like	   state	   bound,	   and	   some	   possible	  molten	   globule	   state	   protein	   fractions,	   which	  would	  certainly	  fluoresce	  and	  therefore	  be	  assignable	  to	  our	  ensemble	  of	  partially	  unfolded	  states.	  Our	   spectroscopic	   studies	   enable	   us	   to	   distinguish	   between	   unbound	   native	   and	   bound,	  native-­‐like	   proteins.	  Not	   surprising	   since	   their	   distributions	   overlap	  with	   the	   distribution	  exhibited	  by	  the	  native	  state.	  There	  are,	  however,	  certain	  similarities	  present	  between	  the	  more	   extended	   conformers.	   In	   the	  presence	  of	  NaCl	   their	   data	   illustrate	   a	   shift	   to	   a	  more	  compact	   protein	   state,	   similar	   to	   what	   our	   spectroscopic	   data	   indicate.	   	   Moreover,	   data	  reported	   by	   Hong	   et	   al.	   suggest	   that	   the	   E-­‐state	   becomes	   less	   populated	   at	   very	   low	  cardiolipin	  concentrations.	  At	  high	  cardiolipin	  concentrations	  the	  population	  of	  the	  E-­‐state	  is	   significant	   (60%)	   under	   their	   conditions	   where	   the	   CL-­‐content	   is	   50%	  with	   a	   protein	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  concentration	   of	   0.5	   µM	   and	   a	   lipid	   concentration	   of	   750	   µM.	   	   Figure	   4.32	   depicts	   the	  fraction	   of	   unbound,	   native-­‐like,	   and	   non-­‐native	   conformers	   for	   varying	   CL-­‐contents	   and	  concentrations.	   Since	   our	   protein	   concentration	   is	   an	   order	   of	   magnitude	   less	   than	   the	  amount	   used	   by	   Pletneva	   and	   coworkers,	   our	   lipid/protein	   ratios	   are	   therefore	   smaller.	  However,	   we	   are	   still	   able	   to	   reach	   saturation	   under	   our	   lipid	   and	   protein	   conditions,	  indicating	  that	  the	  protein	  is	  fully	  bound	  to	  the	  cardiolipin	  surface,	  which	  is	  consistent	  with	  the	   fluorescence	   correlation	   spectroscopy	   data	   of	   Hong	   et	   al.105	   At	   our	   largest	   lipid	  concentration	  for	  50%	  CL-­‐content,	  we	  also	  estimate	  that	  60%	  of	  our	  bound	  proteins	  are	  in	  a	  non-­‐native,	   extended	   structure.	   Additionally	   for	   20%	   CL-­‐content	   and	   very	   high	   lipid	  concentrations,	   Hong	   et	   al.	   calculate	   that	   77%	   of	   the	   bound	   protein	   is	   in	   the	   authors’	  compact	  state,	  while	  only	  ~50%	  of	  bound	  proteins	  adopt	  the	  native-­‐like	  state	  for	  our	  20%	  CL	  data.	  	  	  Molecular	  crowding	  could	  lead	  to	  cardiolipin	  concentration	  dependence	  of	  the	  equilibrium	  between	   the	   native-­‐like	   and	   unfolded	   protein	   conformations.	   Molecular	   crowding	   is	   a	  phenomenon	  where	  proteins	  are	  so	  tightly	  packed	  that	  entropic	   tension	   in	   the	  membrane	  can	   be	   induced,	   which	   alters	   the	   free	   energy	   landscape	   and	   can	   change	   protein	  conformations,	   favoring	   a	   more	   compact	   protein	   state.197	   In	   our	   studies	   at	   low	   lipid	  concentrations	   there	   is	   a	   higher	   occupation	   of	   the	   liposomes.	   Under	   these	   conditions	  molecular	  crowding	  could	  force	  the	  protein	  into	  a	  more	  native-­‐like,	  compact	  state.	  However	  as	  the	  cardiolipin	  concentration	  increases	  and	  the	  protein	  has	  more	  surface	  area	  to	  occupy,	  cytochrome	   c	   could	   spread	   out	   and	   adopt	   a	   more	   extended	   structure.	   To	   check	   if	   this	  mechanism	   could	   be	   operative	   at	   our	   conditions,	   we	   proceeded	   to	   estimate	   the	   average	  surface	   fraction	  of	   the	   liposomes	  covered	  by	  proteins	  as	  a	   function	  of	   lipid	  concentration,	  utilizing	  the	  following	  equation:	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   𝐹!"# = !!"#,! !!"# ∙!! !" ∙! !!"# !!!"#,! !!"# ∙!! !" ∙! !!"# !"!!"#!!"# !(!!"#)!"!!"#!!"# 	   	   (4.22)	  	  where	   g(rlip)	   is	   the	   distribution	   of	   the	   liposome	   radius	   displayed	   in	   Figure	   4.2	  which	  we	  approximated	  by	  a	  Gaussian	  function.	  χ1	  and	  χ2	  are	  the	  folded	  and	  unfolded	  fractions	  of	  the	  bound	  proteins,	   respectively.	   The	   function	   fcyt,j	   (rlip)	   (j=1,2)	   is	   the	   fractional	   surface	   of	   the	  liposome	  with	  radius	  rlip	  covered	  by	  the	  protein	   in	  the	   folded	  and	  partially	  unfolded	  state.	  This	  equation	  can	  be	  written	  as:	  	  
	   	   	   𝑓!"#,! = !∙!!!!∙!!"#! ∙!	   	   	   	   	   (4.23)	  	  	  where	  rj	  is	  the	  radius	  of	  the	  protein	  in	  the	  j-­‐th	  state.	  From	  the	  distributions	  obtained	  from	  our	  SUVs	  from	  light	  scattering	  experiments,	  we	  inferred	  a	  maximum	  of	  g(rlip)	  at	  20	  nm	  and	  a	  standard	  deviation γ	  =	  5	  nm.	  The	  integration	  was	  carried	  out	  from	  10	  to	  80	  nm	  to	  account	  for	   the	   asymmetry	   of	   the	   distribution	   the	   factor	   λ	   in	   equation	   4.25	   accounts	   for	   the	   CL-­‐fraction	  of	   the	  considered	   liposomes	  samples	  (λ	  =	  1.0,	  0.66,	  and	  0.33	   for	  100%,	  50%,	  and	  20%	  CL)	  based	  on	  the	  fact	  that	  the	  size	  of	  the	  cardiolipin	  head	  group	  is	  approximately	  twice	  the	  size	  of	  the	  phosphocholine	  head	  group.	  Figure	  4.43	  illustrates	  the	  plots	  of	  Fcov	  ([CL])	  for	  the	   three	   considered	   lipid	   mixtures	   in	   the	   absence	   of	   NaCl.	   They	   reveal	   a	   substantial	  occupation	  of	  CL-­‐containing	  liposome	  at	  low	  lipid	  concentrations.	  For	  100%	  CL,	  the	  protein	  coverage	   is	   greater	   than	  1	   indicating	   a	   breakdown	  of	   our	   theoretical	   approach.	  However,	  this	   occurs	   at	   lipid	   concentrations	   lower	   than	   the	   values	   we	   considered	   for	   our	   fitting	  procedure	   (<	  35	  µM),	  which	  we	   ignored	   for	  our	   fitting	  procedure.	  These	  plots	   reveal	   that	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  molecular	  crowding	  does	  indeed	  exist	  at	  low	  lipid	  concentrations.	  It	  is	  noteworthy	  that	  the	  saturation	   of	   the	   non-­‐native	   fraction	   of	   proteins	   (Figure	   4.32)	   coincides	   with	   the	   region	  where	  the	  surface	  coverage	  reaches	  is	  final	  lowest	  value	  and	  is	  no	  longer	  dependent	  on	  the	  cardiolipin	   concentration.	   The	  plots	   in	   Figure	  4.43	   therefore	   support	   the	  proposal	   that	   at	  high	   occupation	   and	   low	   cardiolipin	   concentrations,	   an	   extension	   of	   the	   protein	   into	   a	  partially	  unfolded	  state	  is	  severely	  restricted	  by	  excluded	  volume	  effects.	  The	  lower	  surface	  occupation	  increases	  the	  amount	  of	  extended	  protein	  binding	  to	  lipids.	  	  	  	  	  
	  
Figure	  4.43.	  The	  fraction	  of	  the	  surface	  covered	  by	  cytochrome	  c	  for	  varying	  cardiolipin	  contents.	  	  	  	  While	   the	   above	   findings	   support	   the	   role	   of	   molecular	   crowding	   in	   governing	   the	  equilibrium	  between	  the	  two	  conformations	  of	  bound	  ferricytochrome	  c,	  they	  do	  not	  allow	  
	  	  
146	  us	  to	  account	  for	  the	  observed	  sigmoidal	  shape	  of	  the	  equilibrium	  between	  the	  two	  states.	  	  In	  this	  context,	  the	  theoretical	  work	  of	  Cantor	  could	  be	  helpful.	  	  He	  considered	  two	  protein	  conformers	   in	  equilibrium	  with	  one	  another,	  bound	   to	  a	  membrane	  surface.	  As	  additional	  solute	   binds	   to	   the	  protein,	   the	  pressure	  profile	   changes,	   and	   as	   the	  pressure	   increases	   a	  change	  in	  the	  equilibrium	  constant	  is	  induced.	  The	  dependence	  of	  this	  equilibrium	  constant	  on	   the	   solute	   concentration	   is	   sigmodial.198	   Cantor’s	   study	   could	   support	   our	   sigmodial	  binding	  curves.	  The	  solute	  Cantor	  studies	  could	  very	  well,	  in	  our	  case,	  be	  additional	  proteins	  binding	  to	  a	  liposome	  surface	  to	  create	  the	  change	  in	  the	  pressure	  profile.	  	  	  	  	  	  	  
4.4.3	  Conformational	  Heterogeneity	  	  The	   protein	   conformers	   we	   have	   probed	   reflect	   distinguishable	   heterogeneous	  subpopulations	  rather	  than	  just	  two	  coexisting	  conformers.	  The	  deviation	  of	  our	  kmod’	  	  from	  the	  kmod	  parameter,	  which	  reflects	  the	  lipid	  concentration	  at	  which	  the	  equilibrium	  between	  the	   two	   conformers	   switch,	   	   led	  us	   to	   suspect	   that	   the	  695	  nm	   intensity	   does	  not	   exactly	  probe	  the	  same	  sub-­‐population	  as	  the	  CD	  and	  fluorescence	  dose	  response	  data.	  	  In	  principle,	  different	   spectroscopic	   methods	   can	   probe	   different	   subpopulations	   of	   two	   overall	  conformational	   distributions	   owing	   to	   their	   individual	   dependence	   on	   conformational	  coordinates.	  While	  the	  695	  nm	  absorbance	  band	  probes	  a	  subpopulation	  of	  the	  native-­‐like	  state,	  the	  625	  nm	  absorbance	  band	  probes	  a	  subpopulation	  of	  the	  partially	  unfolded	  state	  in	  which	  the	  heme	  iron	  exhibits	  a	  pentacoordinated	  quantum	  mixed	  state	  species.	  Figure	  4.44	  schematically	   illustrates	   how	   both	   the	   695	   and	   625	   nm	   absorbance	   bands	   probe	  subpopulations	  (dotted	  black	  lines)	  of	  the	  native-­‐like	  and	  unfolded	  ensembles	  (solid	  black	  lines),	   respectively.	  Upon	   the	   addition	  of	  NaCl,	   the	   sub-­‐population	  probed	  by	   the	  695	  nm	  band	  increases	  more	  than	  those	  probed	  by	  the	  fluorescence	  and	  CD	  dose	  response50,	  while	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  the	  population	  of	  the	  state	  with	  the	  quantum	  mixed	  spin	  state	  probed	  by	  the	  625	  nm	  band	  decreases	   (dotted	   blue	   lines).	   This	   inhomogeneity	   of	   the	   conformational	   re-­‐distribution	  caused	  by	  increasing	  the	  NaCl	  concentration,	  kmod‘	  becomes	  significantly	  smaller	  than	  kmod.	  	  	  	  
	  	  
Figure	   4.44.	  The	   unfolded	   and	   folded	   ensembles	   (solid	   black	   lines)	   and	   their	   qualitative	  subpopulations	   (dotted	   black	   line)	   from	   the	   695	   and	   625	   nm	   absorbance	   bands.	   The	  addition	   of	   NaCl	   increases	   the	   intensity	   of	   the	   695	   nm	   band	   disproportionally	   while	  decreasing	  the	  intensity	  of	  the	  625	  nm	  band	  (dotted	  blue	  lines).	  The	  changes	  by	  the	  addition	  of	  NaCl	  change	  the	  distribution	  of	  the	  overall	  band.	  
	  
	  
	  
4.4.4	  Comparison	  with	  Binding	  Data	  Reported	  in	  Literature	  Our	  results	  must	  also	  be	  discussed	  in	  the	  context	  of	  several	  related	  binding	  studies	  reported	  in	   the	   literature.	   Since	   our	   data	   at	   various	   cardiolipin	   contents	   and	   concentrations	   were	  best	  fit	  with	  the	  one-­‐site	  binding	  isotherm	  described	  earlier,	   for	  this	  discussion	  we	  will	  be	  referring	  to	  this	  one	  site	  isotherm	  for	  all	  comparisons.	  	  	  The	   binding	   experiments	   of	   Kinnunen	   and	   associates	   have	   dominated	   the	   discussion	   on	  cytochrome	   c	   –	   liposome	   interactions	   due	   to	   their	   identification	   of	   two	   different	   protein	  binding	   sites	   A	   and	   C.94	   These	   authors	   studied	   cytochrome	   c	   binding	   by	   measuring	   the	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  quenching	  of	  the	  fluorescence	  of	  a	  membrane-­‐incorporated	  pyrene	  lipid	  due	  to	  fluorescence	  resonance	  energy	  transfer	  to	  the	  heme	  group	  of	  the	  bound	  cytochrome	  c.	  This	  method	  has	  the	   advantage	   of	   probing	   the	   binding	   of	   cytochrome	   c	   directly.	   We	   initially	   wondered	  whether	   the	   first	   protein	   conformer	   inferred	   from	   our	   data	   corresponds	   to	   the	   site	   A	  binding	   reported	  by	  Kinnunen	  and	   coworkers.94–96	  This	   conjecture	   is	   corroborated	  by	   the	  corresponding	   visible	   CD	   spectra	   reported	   by	   Kinnunen	   and	   coworkers,	   which	   shows	   an	  only	  slightly	  reduced	  B-­‐state	  couplet.	  This	  observation	   is	  at	   least	   in	  qualitative	  agreement	  with	   our	   findings	   with	   regard	   to	   the	   CD	   spectrum	   of	   the	   compact	   protein	   conformer.	  However,	  identifying	  the	  native-­‐like	  conformer	  with	  A	  encounters	  a	  major	  obstacle	  owing	  to	  the	   fact	   that	   a	   closer	   inspection	   of	   the	   binding	   data	   reported	   by	   Rytömaa	   and	   Kinnunen	  suggest	  (a)	  an	  even	  higher	  binding	  affinity	  and	  (b)	  a	   fractional	  occupation	  of	  CL-­‐receptors	  on	   the	   liposome	   surface.94,95	   The	   binding	   isotherm	   observed	   for	   cytochrome	   c	   –	  17.5%CL/82.25%PC	  (phosphatidylcholine)	  mixtures	  (Figure	  1	  in	  ref.94)	  suggests	  saturation	  around	  0.6	  μM,	  while	  the	  total	  lipid	  concentration	  used	  in	  this	  experiment	  was	  55	  μM.	  This	  corresponds	   to	   a	   minimal	   concentration	   of	   ca.	   4.2	   μM	   for	   CL	   in	   the	   outer	   layer	   of	   the	  liposomes’	   bilayers	   (assuming	   again	   a	   50%/50%	   distribution	   with	   regard	   to	   inner	   and	  outer	  layer).	   	  We	  estimated	  the	  binding	  constant	  and	  the	  fraction	  of	  maximal	  available	  CL-­‐receptors	   in	   terms	  of	   a	   simple	   one-­‐step	  binding	  model,	   thereby	   explicitly	   considering	   the	  differences	  between	  free	  and	  total	  protein	  concentration.	  We	  thus	  observed	  that	  the	  binding	  constant	   should	   lie	   between	   5·106	   and	   1·107	   M-­‐1	   with	   only	   5%	   of	   the	   CLs	   available	   for	  binding.	  That	  is	  substantially	  higher	  than	  our	  apparent	  binding	  affinity	  of	  6.0·104	  M-­‐1.	   	  One	  might	   argue	   that	   an	   equilibrium	   thermodynamic	   analysis	   is	   unsuitable	   for	   the	   data	   of	  Rytömaa	   and	   Kinnunen	   because	   they	   claimed	   that	   the	   binding	   to	   the	   A-­‐site	   is	   not	  reversible.95,96	  However,	  if	  this	  was	  the	  case,	  one	  would	  expect	  a	  nearly	  linear	  slope	  of	  their	  fluorescence	  titration	  until	   full	  saturation	   is	  reached.	  The	  published	  data	  do	  not	  show	  this	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  behavior.	   Consequently,	   Kawai	   et	   al.	   treated	   their	   own	   A-­‐site	   binding	   data	   with	   a	  thermodynamic	  equilibrium	  model.97	  Moreover,	  the	  partial	  susceptibility	  of	  the	  proposed	  A-­‐site	   binding	   to	   Na+	   indicates	   that	   at	   least	   a	   fraction	   of	   the	   binding	   is	   in	   fact	   reversible.	  Altogether,	   it	   seems	   that	   our	   site	   1	   should	   not	   be	   identified	  with	   the	   A-­‐site	   proposed	   by	  Rytömaa	   and	   Kinnunen.94	   The	   microscopic	   data	   of	   Kawai	   et	   al.190	   suggest	   strong	   CL-­‐demixing	   to	   occur	   among	   the	   lipids	   of	   the	   GUVs	   that	   they	   used	   for	   their	   experiments.	   If,	  contrary	  to	  the	  claim	  of	  Trusova	  et	  al.164,	  such	  a	  demixing	  also	  occurs	   in	  the	  bilayer	  of	   the	  liposomes	  generally	  used	  by	  Kinnunen	  and	  associates,	   the	   fractional	   binding	   indicated	  by	  their	   isotherms	   might	   become	   understandable	   within	   the	   framework	   of	   the	   theory	   of	  Heimburg	  and	  Marsh.88	  	  	  The	   existence	  of	   a	   so	   called	  C-­‐site	   binding	   that	   is	   not	   electrostatic	   in	  nature	  was	   inferred	  from	  the	  observation	  of	  an	  increased	  quenching	  of	  pyrene	  fluorescence	  at	  acidic	  pH	  in	  the	  presence	  of	  50	  mM	  NaCl	  and	  a	   less	  effective	   inhibition	  of	  pyrene	  quenching	   for	   liposomes	  with	  a	  higher	  CL-­‐content	  (50%	  and	  more).94	  C-­‐site	  binding	  as	   introduced	  by	  Rytömaa	  and	  Kinnunen94	   involves	   hydrogen	   bonding	   between	   a	   protonated	   phosphate	   group	   as	   donor	  and	   acceptor	   side	   chains	   situated	   on	   the	   protein	   surface.	   These	   authors	   proposed	   such	   a	  semi-­‐protonated	  state	  of	  the	  CL	  phosphate	  groups	  as	  being	  caused	  by	  the	  accumulation	  of	  hydronium	  ions	  in	  the	  liposomes’	  double	  layer.	  	  	  	  More	  recently,	  Sinibaldi	  et	  al.,	  by	  probing	  cytochrome	  c	  binding	  to	  liposomes	  with	  100%	  CL,	  observed	  two	  independent	  binding	  sites	  with	  binding	  affinities	  of	  4.9·104	  M-­‐1	  and	  2.4·104	  M-­‐
1	  with	  regard	  to	  the	  molar	  lipid	  concentration.109	  If	  one	  considers	  the	  fact	  that	  only	  ca.	  50%	  of	   their	   CLs	   are	   in	   the	   outer	   membrane,	   the	   real	   binding	   constants	   are	   9.8·104	   M-­‐1	   and	  4.8·104	   M-­‐1.	   Since	   we	   assume	   a	   continuous	   binding	   site	   at	   100%	   CL-­‐content,	   when	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  comparing	  our	  100%	  CL-­‐content	  data	  with	  the	  work	  of	  Sinibaldi	  et	  al.,	  we	  will	  focus	  on	  the	  spectroscopic	   data	   instead	   of	   the	   binding	   values	   since	  we	   assume	   an	   equilibrium	   of	   two	  protein	   conformations	   while	   they	   describe	   two	   protein	   binding	   sites.	   We	   will	   therefore	  compare	   our	   compact	   conformer	  with	   their	   binding	   site	   1	   and	   our	   non-­‐native	   conformer	  with	  binding	  site	  2.	  	  While	  the	  value	  for	  their	  site	  1	  (4.9·104	  M-­‐1)	  lies	  slightly	  below	  the	  value	  we	   obtained	   for	   the	   binding	   of	   the	   protein	   to	   the	   liposome	   surface	   (1.7·105	  M-­‐1),	   several	  differences	   between	   the	   studies	   are	   noteworthy.	   	   First,	   our	   data	   do	   not	   indicate	   any	  substantial	  structural	  changes	  of	  the	  native-­‐like	  conformer,	  whereas	  the	  dichroism	  values	  of	  Sinibaldi	   et	   al.	   suggest	   partial	   unfolding.	   Additionally	   Sinibaldi	   et	   al.	   do	   not	   suggest	   a	  coexistence	  of	  a	  native	  and	  non-­‐native	  like	  conformer.	  Third,	  the	  data	  of	  Sinibaldi	  et	  al.	  seem	  to	  indicate	  NaCl-­‐induced	  inhibition	  for	  both	  binding	  sites	  (58%	  for	  site	  1	  and	  86%	  for	  site	  2).104	  	  	  We	  would	   also	   like	   to	  discuss	   the	   very	   thorough	  work	  of	  Oellerich	   et	   al.	  who	   studied	   the	  binding	  of	   ferricytochrome	  c	   to	  LUVs	   formed	  with	  diolenoyl-­‐phosphatidylglycerol	   (DOPG)	  at	  very	   low	  to	   intermediate	   lipid	  concentrations.103	  The	  authors	  analyzed	  populations	  and	  characterized	  different	  protein	  conformations	  with	  various	  optical	  spectroscopies.	  At	  very	  low	  lipid	  concentrations	  the	  protein	  binds	  more	  tightly	  due	  to	  partial	  penetration	  into	  the	  LUV’s	  bilayer.	  The	  coverage	  of	  the	  LUV	  surface	  is	  very	  high.	  Oellerich	  et	  al.	  estimated	  a	  very	  high	   binding	   constant	   for	   this	   process	   (1010	  M-­‐1),	  which	   exceeds	   even	   the	   high	   affinity	   of	  Kinnunen’s	   A-­‐site	   binding.103	   One	   might	   consider	   the	   possibility	   that	   the	   lower	   surface	  coverage	  in	  our	  study	  just	  decreases	  the	  effective	  binding	  constant	  (compared	  with	  binding	  scenario	   investigated	   by	  Oellerich	   et	   al.	   in	   that	   it	   allows	   for	   a	   lesser	   penetration	   into	   the	  outer	   layer	   of	   the	   liposome.	   Oellerich	   et	   al.	   observed	   a	   phase	   separation	   of	   liposome	  aggregates	   at	   low	   lipid	   concentrations,	   which	   they	   also	   assigned	   to	   the	   nearly	   complete	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  coverage	   of	   the	   liposome	   surfaces	   by	   the	   protein.	   Additionally,	   they	   found	   that	   in	   the	  intermediate	  lipid	  concentrations	  (20-­‐100	  µM),	  binding	  of	  the	  protein	  to	  the	  LUVs	  induced	  conformational	  transitions	  into	  a	  mixture	  of	  non-­‐native	  hexacoordinated	  low	  spin	  and	  high	  spin	  proteins.103	  The	  binding	   in	   this	   region	   is	  electrostatic	   in	  nature,	   also	  observed	   in	  our	  spectroscopic	  results	  from	  the	  NaCl	  experiments,	  which	  illustrate	  a	  substantial	  reduction	  in	  binding	   for	   the	  non-­‐native	   conformer.	  With	   regard	   to	   the	   intermediate	   lipid	   region,	  while	  our	   Soret	   band	   positions	   indicate	   a	   non-­‐native	   hexacoordinated	   state	   for	   our	   non-­‐native	  protein	  conformer,	  typically	  the	  appearance	  of	  the	  625	  nm	  band	  indicates	  an	  admixture	  of	  hexacoordinated	  high	  spin	  proteins.	  However,	  other	  studies	  have	  shown	  that	  the	  presence	  of	  the	  625	  nm	  band	  indicates	  a	  pentacoordinated	  quantum	  mixed	  species.181,199,200	  Our	  Soret	  band	  CD	  spectra	   in	  the	  presence	  of	  high	  lipid	  concentrations	  all	  show	  redshifts	  above	  400	  nm.	  Taken	  together,	   the	   low	  spin	  characteristic	  of	   the	  Soret	  band	  region	  and	  the	  quantum	  mixed	  species	  of	  the	  625	  nm	  absorption	  band	  indicate	  the	  protein	  conformer	  we	  see	  at	  high	  cardiolipin	   concentrations	   is	   in	   a	   pentacoordinated	   quantum	   mixed	   state.	   This	   quantum	  mixed	  state	  is	  the	  result	  of	  spin-­‐orbital	  coupling	  between	  a	  low-­‐lying	  high	  spin	  and	  slightly	  higher	   intermediate	   spin	   state	   of	   the	   heme	   iron.201,202	  While	   the	   Soret	   band	   CD	   results	   of	  Oellerich	  et	  al.	  also	  show	  a	  redshift	  of	  the	  positive	  Cotton	  band	  in	  the	  presence	  of	  liposomes,	  their	  resonance	  Raman,	  which	  can	  also	  probe	  spin	  state	  of	  the	  heme	  iron,	  show	  evidence	  of	  high	  spin	  species	  at	  high	  lipid	  concentrations.103	  Preliminary	  resonance	  Raman	  experiments	  in	   our	   lab	   at	   high	   cardiolipin	   concentrations	   for	   20%	   CL	   show	   no	   trace	   of	   any	   high	   spin	  protein	   species	   (Malyshka	   and	   Schweitzer-­‐Stenner,	   unpublished).	   More	   importantly,	  Oellerich	  et	  al.’s	   study	  does	  not	   involve	   the	  use	  of	   cardiolipin	   in	   their	   liposomes103,	  which	  could	  be	  the	  key	  ingredient	  for	  inducing	  a	  high	  spin	  species	  of	  cytochrome	  c.	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  Murgida	   and	   Hildebrandt	   explored	   the	   electric	   field	   effects	   on	   cytochrome	   c	   by	  electrostatically	   binding	   the	   protein	   to	   electrodes	   covered	   in	   self-­‐assembled	   monolayers	  (SAMs).	  The	  electric	  field	  strength	  at	  the	  interaction	  site	  can	  be	  varied	  by	  altering	  the	  alkane	  chain	   length	  or	  electrostatic	  potential	  of	   the	  SAM.	  Their	  results	   illustrate	  that	  as	   the	  chain	  length	   and	   electric	   field	   strength	   are	   increased,	   the	   protein	   substates	   change	   populations	  from	  pentacoordinated	  high	  spin	  state	  to	  hexacoordinated	  low	  spin	  state,	  and	  finally	  at	  high	  electric	   field	  strengths	   the	  hexacoordinated	  high	  spin	  species	   is	  populated.203	  This	  electric	  field	  effect	  cannot	  explain	  quantum	  mixed	  and	  low	  spin	  species	  contributions	  since	  both	  are	  populated	   at	   high	   lipid	   concentrations.	   However,	   Murgida	   and	   Hildebrandt’s	   findings203	  suggest	  that	  the	  substates	  of	  the	  hexacoordinated	  species	  can	  be	  controlled	  by	  an	  external	  electric	  field	  at	  the	  protein	  binding	  site,	  thus	  triggering	  a	  conversion	  of	  the	  protein	  structure	  to	  accommodate	  apoptosis.	  Instead,	  these	  results	  support	  the	  non-­‐coincidence	  of	  our	  Soret	  band	  CD	  and	  absorption	  data,	  which	  suggest	  that	  an	  external	  electric	  field	  of	  the	  membrane	  surface	  acts	  on	  the	   internal	  electric	   field	  of	   the	  protein,	   inducing	  structural	  changes	  of	   the	  protein.	  	  	  Analysis	   of	   our	   dose	   response	   curves	   illustrates	   a	   native-­‐like	   protein	   conformer	   on	   the	  surface	   of	   cardiolipin-­‐containing	  membranes.	   However,	   what	   is	   the	   relationship	   between	  the	   native	   state	   of	   the	   protein	   in	   solution	   and	   the	   native-­‐like	   state	   on	   the	   surface	   of	   the	  membrane?	  Alvarez-­‐Paggi	  et	  al.	  evaluated	  the	  electron-­‐transfer	  reorganization	  free	  energy	  of	  cytochrome	  c	   in	  electrostatic	  complexes.	  This	   free	  energy	   is	  dependent	  on	  redox-­‐linked	  structural	   changes	   of	   the	   protein	   and	   thus	   allows	   the	   authors	   to	   probe	   the	   effects	   that	  protein	  structure	  has	  on	  electron	  transfer	  reactions.	  Their	  results	  suggested	  the	  existence	  of	  two	   different	   native-­‐like	   conformations	   of	   cytochrome	   c,	   one	   with	   a	   high	   and	   one	   low	  reorganization	  energy.	  The	  conversion	  between	  the	  two	  conformers	  is	  due	  to	  electrostatic	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  interactions,	  which	   results	   in	   the	   disruption	   of	   the	   hydrogen	   bond	   between	   the	  M80	   and	  Y67	   residues.194	   One	   might	   wonder	   whether	   the	   native-­‐like	   state	   of	   the	   bound	   protein	  actually	   resembles	   the	   native	   conformation	   with	   low	   reorganization	   obtained	   by	   the	  authors	  why	  the	  protein	   in	  solution	   is	  closer	   to	   the	  state	  with	   the	  higher	  reorganizational	  energy.	  	  
	  	  
4.4.5	  Functional	  Aspects	  	  From	  our	  analysis	  of	  the	  dose	  response	  curves	  in	  the	  presence	  of	  NaCl,	  we	  propose	  that	  the	  stabilization	  of	  the	  unfolded	  state	  is	  electrostatically	  driven.	  These	  data	  could	  elucidate	  the	  physiological	   relevance	   of	   NaCl	   in	   the	   mitochondria.	   Our	   non-­‐native	   conformer	   can	   be	  switched	  back	  to	  a	  native-­‐like	  protein	  state	  in	  the	  presence	  of	  salt,	  reducing	  the	  amount	  of	  conformers	  that	  could	  gain	  peroxidase	  activity	  and	  shifting	  that	  equilibrium	  to	  the	  native-­‐like	   conformer	   that	   functions	   in	   the	   electron	   transport	   chain.	   Therefore,	   NaCl	   acts	   as	   a	  barrier	   to	   prevent	   the	   protein	   from	   adopting	   a	   non-­‐native,	   more	   extended	   state,	   which	  could	  gain	  peroxidase	  activity	  to	  trigger	  apoptosis.	  	  	  According	   to	   Kagan,	   the	   CL-­‐content	   can	   increase	   towards	   50%	   under	   peroxidase	  conditions.204	   Our	   data	   suggest	   that	   increasing	   the	   cardiolipin	   content	   of	   the	   liposomes	  towards	   50%	   could	   shift	   the	   equilibrium	   between	   the	   two	   conformers	   towards	   the	  extended	   state.	   The	   intrinsic	   binding	   constant,	  K0,	   actually	   decreases	  with	   increasing	   CL-­‐content.	  However,	  this	  is,	   in	  our	  case,	  due	  to	  the	  decrease	  of	  the	  number	  of	  liposomes	  (we	  kept	  the	  total	  CL-­‐concentration	  in	  the	  same	  range),	  which	  causes	  their	  occupation	  number	  to	  increase.	  That	  increases	  the	  contribution	  of	  the	  van	  der	  Waals	  correction	  term	  and	  thus	  the	   apparent	   binding	   constant,	   Kapp.	   Our	   experiments	   therefore	   probe	   the	   influence	   of	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  crowding	  on	  the	  binding	  affinity.	  The	  situation	  is	  likely	  to	  be	  different	  in	  the	  mitochondria.	  As	   the	   CL	   content	   increases	   during	   apoptosis,	   the	   lipid/protein	   ratio	   increases	  concomitantly.	   This	   allows	   the	   bound	   proteins	   to	   spread	   out	   more	   on	   the	   cardiolipin	  surfaces,	  which	   should	  produce	   a	  higher	  population	  of	   the	  partially	   unfolded	   state.	  When	  the	  mitochondria	  have	  produced	  the	  higher	  CL-­‐content	  of	  their	  inner	  and	  outer	  membrane,	  the	   protein	   would	   have	   catalyzed	   already	   the	   peroxidation	   of	   some	   cardiolipins	   for	   the	  permeabilization	   of	   the	   inner	   membrane	   to	   allow	   for	   the	   release	   of	   both	   the	   lipids	   and	  proteins	  to	  outer	  mitochondrial	  compartments.	  With	  the	  increase	  of	  the	  CL-­‐content	  actually	  replenishing	   the	   (partially)	  unfolded	   state	  of	   the	  protein,	   this	  process	   is	   amplified.	   In	   this	  context,	   the	   increase	  of	   the	  sub-­‐population	   that	  gives	  rise	   to	   the	  625	  nm	  absorption	  band	  data	   is	  of	  particular	   relevance,	   since	   this	   sub-­‐population	  can	  be	  expected	   to	  dominate	   the	  peroxidase	   activity	   of	   the	   ensemble	   of	   partially	   unfolded	   states.	   Since	   the	   native-­‐like,	  partially	  unfolded	  hexacoordinated,	  and	  partially	  unfolded	  pentacoordinated	  states	  are	  all	  in	   equilibrium,	   the	   movement	   of	   the	   pentacoordinated	   species	   into	   the	   cytosol	   after	   the	  oxidation	  of	  cardiolipin	  substrates	  would	  produce	  a	  flux	  of	  proteins	  towards	  its	  active	  state.	  This	   is	   visualized	   in	   Figure	   4.44.	   We	   therefore	   suggest	   that	   as	   the	   cardiolipin	   content	  increases,	   an	   autocatalytic	   process	   begins	  where	   the	   protein-­‐membrane	   system	  produces	  more	  cardiolipin,	  which	  then	  induces	  more	  unfolding	  of	  the	  protein,	  leading	  to	  an	  increase	  in	  the	  peroxidase	  activity	  of	  cytochrome	  c	  at	  lower	  cardiolipin	  concentrations	  and	  thus	  the	  peroxidation	   of	   cardiolipin.	   This	   cycle	   restarts	   and	   the	   process	   continues	   until	   the	   outer	  membrane	   has	   been	   completely	   permeabilized	   and	   no	   longer	   retains	   cardiolipin	   or	  cytochrome	   c.	   	   This	   process	   is	   impeded	   by	   the	   presence	   of	   NaCl,	   which	   becomes	   more	  effective	   in	   inhibiting	   binding	   and	   the	   conversion	   into	   the	   partially	   unfolded	   state	   with	  increasing	  CL-­‐fraction	  of	  the	  inner	  (and	  most	  likely	  also	  the	  outer)	  membrane.	  The	  addition	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  of	  a	  physiological	  salt	  concentration	  practically	  eliminates	  the	  625	  nm	  band	  even	  for	  100%	  CL	  liposomes	  and	  at	  high	  CL-­‐concentration.	  	  	  	  	  
	  
Figure	   4.45.	   Cytochrome	   c	   conformations	   adopted	   upon	   binding	   to	   cardiolipins	   on	   the	  surface	   of	   the	   inner	   mitochondrial	   membrane.	   The	   conformation	   on	   the	   right	   assumes	  peroxidase	  activity	  of	  the	  protein	  and	  is	  eventually	  dissociated	  from	  the	  membrane	  surface	  and	  released	  in	  the	  cytosol.	  	  	  	  Basova	  et	  al.	  carried	  out	  electrochemistry	  experiments	  to	  probe	  the	  effect	  of	  cytochrome	  c	  binding	  to	  cardiolipin-­‐containing	  liposomes	  on	  the	  redox	  potential.	  Their	  work	  showed	  that	  the	  redox	  potential	  of	  the	  protein	  shifts	  negatively	  upon	  these	  interactions	  with	  cardiolipin,	  resulting	   in	   the	   presence	   of	   two	   simultaneous	   fractions	   of	   cytochrome	   c	   –	   cardiolipin	  complexes.	  One	  fraction	  is	  easily	  reduced	  with	  a	  more	  native-­‐like	  redox	  potential	  while	  the	  other	   fraction	   is	   resistant	   to	   reduction	   with	   a	   more	   negative	   redox	   potential.	   Consistent	  with	  our	   two	  conformer	  results,	   the	  protein	   fraction	  resistant	   to	   reduction	   increases	  with	  increasing	   lipid	   concentrations204,	   which	   corresponds	   with	   fluorescence	   measurements	  illustrating	   protein	   unfolding	   at	   higher	   lipid	   concentrations.79	   Additionally,	   this	   protein	  fraction	   also	   showed	   heterogeneity	   and	   consisted	   of	   at	   least	   two	   subpopulations	   with	   a	  large	   range	   of	   redox	   potentials.204	   This	   non-­‐native	   redox	   potential	   protein	   fraction	   is	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  essential	  for	  apoptotic	  function	  since	  during	  apoptosis,	  cardiolipin	  is	  redistributed	  between	  the	  inner	  and	  outer	  mitochondrial	  membrane.205	  More	  cardiolipin	  is	  now	  available	  to	  bind	  to	  cytochrome	  c,	  shifting	  the	  redox	  potential	  of	  the	  protein	  and	  converting	  the	  protein	  into	  a	  peroxidase.	   In	   relation	   to	   our	   equilibrium	   conformers,	   our	   native-­‐like	   conformer	   could	  potentially	   be	   the	   equivalent	   of	   Basova’s	   native-­‐like	   redox	   potential	   conformer,	  while	   the	  fraction	  resistant	  to	  reduction	  could	  be	  our	  non-­‐native	  conformer.	   	  Additionally,	  studies	  in	  our	  group	  regarding	   ferrocytochrome	  c	   show	  that	   the	  addition	  of	   cardiolipin	   to	   the	   ferro-­‐protein	  species	  induces	  a	  conversion	  to	  the	  ferri-­‐state	  of	  the	  protein	  (Serpas,	  Pandiscia	  and	  Schweitzer-­‐Stenner,	   To	   be	   Submitted)	   in	   the	   presence	   of	   oxygen.	   This	   study	   emphasizes	  that	  not	  only	  is	  there	  a	  sensitive	  equilibrium	  between	  an	  electron	  carrier	  conformer	  and	  a	  peroxidase	   conformer	   on	   the	   inner	   membrane	   surface,	   but	   there	   is	   an	   additional	  equilibrium	  between	   the	   ferro-­‐	   and	   ferri-­‐	   state	  of	   cytochrome	  c,	  which,	   if	   shifted	   towards	  the	  ferri-­‐state	  by	  the	  interactions	  with	  cardiolipin,	  could	  potentially	  facilitate	  the	  acquiring	  of	  peroxidation	  capability	  by	  cytochrome	  c.	  	  
	  In	  order	  for	  cytochrome	  c	  to	  gain	  peroxidase	  activity,	  the	  catalytic	  heme	  iron	  must	  be	  open	  to	  attack	  by	  hydrogen	  peroxide	  and	  other	  reactive	  oxygen	  species.	  In	  principle,	  this	  would	  require	  that	  the	  protein	  adopts	  a	  pentacoordinated	  conformation	  which	  allows	  for	  an	  empty	  ligation	   position	   to	   the	   iron.	   While	   many	   studies	   have	   elucidated	   partially	   unfolded	  conformations	  of	   cytochrome	  c,	   a	  majority	  of	   these	  species	  are	  hexacoordinated	   low	  spin.	  Our	  current	   studies	   indicate	   the	  appearance	  of	   the	  625	  nm	  absorbance	  band	  at	  high	   lipid	  concentrations	   along	   with	   a	   blueshift	   of	   the	   Soret	   band	   above	   400	   nm.	   These	   results	  indicate	   that	   we	   are	   probing	   a	   pentacoordinated	   quantum	   mixed	   state	   at	   high	   lipid	  concentrations.	  We	  therefore	  suggest	  that	  our	  non-­‐native,	  hexacoordinated	  state	  could	  be	  a	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  precursor	   for	   our	   pentacoordinated	   protein	   conformer,	   which	   could	   very	   well	   be	   the	  necessary	  conformation	  the	  protein	  must	  adopt	  in	  order	  to	  gain	  peroxidase	  activity.	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CHAPTER	  5.	  SUMMARY	  AND	  OUTLOOK	  
	  Cytochrome	   c	   is	   a	  multifaceted	   protein	   that	   has	   recently	   been	   associated	  with	   triggering	  apoptosis.	  In	  order	  to	  do	  so,	  the	  protein	  must	  be	  dissociated	  from	  the	  inner	  mitochondrial	  membrane	   surface,	   and	   released	   into	   the	   cytosol,	   where	   it	   binds	   to	   Apaf-­‐1	   to	   form	   an	  apoptosome	   complex.72	  However	   in	   order	   to	   dissociate	   from	   the	   IMM,	   rich	   in	   cardiolipin,	  cytochrome	  c	  must	   first	  gain	  peroxidase	  activity.73,157	   In	   its	  native	  state,	   cytochrome	  c	   is	  a	  poor	  peroxidase	  since	  its	  iron	  active	  site	  is	  hexacoordinated	  and	  leaves	  no	  room	  open	  to	  an	  attack	   by	   hydrogen	   peroxidase	   and	   other	   reactive	   oxygen	   species.	   While	   many	  studies79,94,96,103–108,111	   illuminate	   different	   conformation	   states	   cytochrome	   c	   adopts	   upon	  binding	  to	  cardiolipin-­‐containing	  membranes,	  the	  structure	  the	  protein	  must	  adopt	  to	  gain	  peroxidase	  function	  has	  yet	  to	  be	  elucidated.	  	  	  We	  utilized	  a	  variety	  of	  spectroscopies	  to	  obtain	  a	  more	  systematic	  picture	  of	  cytochrome	  
c’s	  conformational	  manifold	  on	  the	  membrane	  surface	  and	  the	  related	  binding	  process(es).	  To	   this	   end,	   we	   employed	   circular	   dichroism,	   UV/Visible	   absorption,	   unpolarized	   and	  polarized	   fluorescence	   to	   probe	   cytochrome	   c	   binding	   to	   liposomes	   with	   different	  cardiolipin	  contents	  as	  a	  function	  of	  lipid	  concentration	  in	  the	  absence	  and	  presence	  of	  NaCl.	  These	  techniques	  allowed	  us	  to	   investigate	  a	  broad	  range	  of	   lipid	  surface	  occupations	  and	  check	  the	  reversibility	  of	  binding.	  Additionally,	  we	  varied	  our	  experimental	  parameters	   to	  mimic	   the	   physiological	   conditions	   in	   the	   inner	   mitochondrial	   membrane	   in	   order	   to	  identify	   conformational	   changes	   of	   cytochrome	   c	   that	   might	   occur	   prior	   to	   and	   during	  apoptosis.	   To	   acquire	   information	   regarding	   the	   binding	   and	   conformations	   the	   protein	  could	  adopt	  while	  on	  cardiolipin	  surfaces,	  we	  self-­‐consistently	  fit	  all	  our	  spectroscopic	  data	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  with	   the	  same	  binding	  polynomial.	  To	  describe	  our	  dose	   response	  data	  obtained	  with	   the	  various	   spectroscopic	   methods	   and	   physiological	   conditions	   representing	   cardiolipin	  content	   (20%	   CL)	   of	   the	   employed	   liposomes,	   we	   expressed	   in	   a	   first	   step	   the	   binding	  process	   in	   terms	   of	   two	   independent	   binding	   sites	   on	   the	   protein,	   each	   with	   different	  binding	  affinities.	  As	  we	   increased	   the	  cardiolipin	  content	  of	  our	   liposomes,	   the	  Langmuir	  isotherm	   could	   no	   longer	   be	   used	   to	   describe	   the	   dose	   response	   curves.	   The	   Langmuir	  isotherm	   describes	   the	   membrane	   surface	   as	   a	   series	   of	   independent	   binding	   sites.	  However,	   upon	   increasing	   the	   CL	   content	   the	   lipids	   that	  make	   up	   the	  membrane	   surface	  begin	  to	  demix	  and	  form	  a	  more	  continuous	  surface.	   	  In	  a	  second	  step,	  in	  order	  to	  account	  for	  molecular	   crowding	   effects	   at	   low	   lipid	   concentrations	   and	   the	   absence	   of	   individual	  binding	  sites	   in	   the	  case	  of	   lipid	  demixing	   induced	  by	  protein	  binding,	  we	   treated	   the	  CL-­‐fraction	  of	  the	  employed	  liposome	  as	  a	  continuous	  surface	  by	  utilizing	  a	  van	  der	  Waals	  gas	  correction	  term	  derived	  by	  Heimburg	  and	  Marsh.88	  We	  furthermore	  took	  into	  account	  that	  our	   fluorescence	   anisotropy	   and	   acrylamide	   quenching	   data	   suggest	   the	   existence	   of	   a	  single	   population	   of	   fluorescing	   protein	   conformers	   with	   rather	   similar	   fluorescence	  lifetimes.	   These	   results	   led	   us	   to	   a	   modified	   binding	  model	   that	   assumes	   an	   equilibrium	  between	  two	  conformations	  of	  membrane	  bound	  proteins,	  i.e.,	  a	  native-­‐like	  conformer	  that	  does	   not	   fluoresce	   and	   retains	   the	   Fe-­‐M80	   ligation	   and	   a	   non-­‐native	   conformation	   that	  shows	  substantial	   fluorescence	   intensity	  with	  a	  W59	  moiety	  accessible	  to	  the	  solvent.	  The	  equilibrium	  constant	  describing	  the	  relative	  concentrations	  of	  these	  conformers	  vary	  from	  a	  low	   value,	   Kclow,	   at	   low	   lipid	   concentrations	   to	   a	   higher	   value,	   Kc,high,	   at	   high	   lipid	  concentrations.	  The	  equilibrium	  between	  the	  two	  conformers	  is	  electrostatically	  driven,	  as	  shown	  by	  the	  results	  of	  experiments	  performed	  in	  the	  presence	  of	  NaCl.	  	  NaCl	  was	  found	  to	  reduce	  the	  apparent	  fluorescence	  intensity	  and	  to	  regain	  the	  Soret	  band	  CD	  couplet	  of	  the	  native-­‐like	  state.	  The	  overall	  binding	  affinity	  decreases	  and	  Kc,high	  decrease	  with	  increasing	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  CL	   content,	   indicating	   that	   the	   presence	   of	   salt	   inhibits	   the	   binding	   of	   the	   protein	   to	   the	  surface	  and	  also	  shifts	  the	  equilibrium	  of	  the	  two	  conformers	  towards	  the	  more	  native-­‐like	  state.	   Our	   binding	   isotherm	   also	   utilizes	   two	   constants	   that	   describe	   the	   equilibrium	  between	   the	   fluorescing	   and	   non-­‐fluorescing	   states,	   denoted	   as	   kmod	   and	   kmod’.	  Here	   kmod	  describes	  the	  dichroism	  and	  fluorescence	  dose	  response	  curves,	  while	  kmod’	  reflects	  the	  dose	  response	  curves	  of	  the	  695	  nm	  absorbance	  band.	  The	  difference	  between	  kmod	  and	  kmod’	  also	  increases	   in	   the	   presence	   of	   NaCl.	   While	   kmod	   does	   not	   change,	   the	   kmod’	   values	   decrease	  significantly.	   This	   illustrates	   that	   NaCl	   has	   a	   more	   substantial	   effect	   on	   the	   protein	  populations	  probed	  via	  the	  695	  nm	  absorption	  band	  rather	  than	  on	  the	  population	  probed	  by	  the	  Soret	  band	  dichroism	  and	  W59	  fluorescence.	  Furthermore,	  this	  difference	  of	  the	  kmod	  and	  kmod’	  values,	  both	  in	  the	  presence	  and	  absence	  of	  salt	   leads	  us	  to	  propose	  that	  the	  695	  nm	  absorption	  band	  is	  probing	  different	  protein	  subpopulations	  than	  those	  that	  are	  being	  probed	  by	  dichroism	  and	  fluorescence	  dose	  response	  curves.	  Additionally	  the	  appearance	  of	  the	   625	   nm	   band	   indicates	   the	   emergence	   of	   a	   subpopulation	   of	   the	   partially	   unfolded	  protein	   where	   the	   heme	   iron	   is	   in	   a	   pentacoordinated	   quantum	   mixed	   state,	   capable	   of	  acquiring	  peroxidase	  activity.	  	  	  While	  our	  studies	  probing	  conformations	  of	  cytochrome	  c	  binding	  to	  cardiolipin-­‐containing	  liposomes	  have	  provided	  a	  wealth	  of	  information	  regarding	  the	  potential	  role	  of	  cytochrome	  
c	   as	  a	  peroxidase,	   there	  are	   still	  unanswered	  questions.	  Our	   results	   indicate	   that	  we	  have	  identified	  a	  sub-­‐population	  of	  conformers	  with	  a	  pentacoordinated	  heme	  iron,	  which	  would	  allow	   for	   hydrogen	   peroxide	   to	   access	   the	   heme	   iron	   and	   convert	   cytochrome	   c	   into	   a	  peroxidase.	   Additionally,	   ferrocytochrome	   c	   studies	   in	   our	   group	   have	   shown	   that	   upon	  binding	  to	  cardiolipin-­‐containing	  liposomes,	  the	  protein	  is	  oxidized,	  converts	  into	  a	  native-­‐like	   ferricytochrome	   c	   and	   as	   the	   cardiolipin	   concentrations	   increase,	   the	   protein	   then	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  adopts	  a	  non-­‐native	  conformation.	  We	  know	  the	  protein	  must	  maintain	  a	  strict	  equilibrium	  not	   only	   between	   the	   ferro-­‐	   and	   ferri-­‐state,	   but	   also	   between	   a	   conformation	   exhibiting	  electron	  transport	  activity	  and	  one	  with	  peroxidase	  activity.	  However,	  researchers	  have	  still	  yet	  to	  elucidate	  the	  mechanisms	  that	  govern	  the	  equilibrium	  between	  these	  two	  equilibria.	  A	  majority	  of	  experiments	  probing	  cytochrome	  c	  binding	  to	  cardiolipin	  are	  performed	  using	  liposomes	  as	  inner	  mitochondrial	  membrane	  mimics.	  While	  these	  studies	  provide	  valuable	  insight	   to	   the	   interactions	   between	   the	   protein	   and	   cardiolipin,	  we	   still	   do	   not	   know	   the	  extent	   to	   which	   these	   experiments	   are	   probing	   the	   physiological	   conditions	   of	   the	  mitochondria.	  Cytochrome	  c	  binding	  studies	  need	  to	  be	  performed	  in	  vitro	  to	  elucidate	  if	  the	  interactions	   in	  vitro	  coincide	  with	  actual	  physiological	   interactions	   in	  the	  mitochondria.	   In	  addition,	  while	  our	  studies	  show	  that	  the	  effect	  of	  NaCl	  can	  transition	  cytochrome	  c	  back	  to	  a	   native-­‐like	   state,	   we	   cannot	   claim	   to	   understand	   how	   the	   system	   is	   triggering	   the	  transition	  that	  allows	  it	  to	  start	  producing	  peroxidase	  activity.	  However,	  experiments	  in	  our	  laboratory	  continue	  to	  probe	  NaCl	  and	  lipid	  effects	  in	  order	  to	  bring	  to	  light	  some	  of	  these	  issues.	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APPENDIX	  	  
Error	  Analysis	  of	  Langmuir-­‐type	  two-­‐site	  model	  fits	  
 The	  obtained	  error	  values	   for	   the	  Langmuir	  binding	   isotherm	  are	   listed	   in	  Tables	  4.3	  and	  4.4.	  The	  error	  estimation	  was	  created	  by	  calculating	  the	  reduced	  χr2-­‐value	  defined	  as:	  	  
	   	   	   	   𝜒!! = !! !!!!",!!!!"#,! !!!!!!!! 	   	   	   	   (4.6)	  	  Unlike	  the	  Pearson’s	  χ2,	  the	  reduced	  χ2	  takes	  into	  account	  the	  degrees	  of	  freedom,	  ν.	  ν	  is	  the	  total	  number	  of	  data	  points	  (128)	  minus	  the	  number	  of	  free	  parameters	  (27).	  Here	  sexp,j	  and	  
stheo,j	  are	  experimental	  and	  calculated	  fit	  values	  for	  the	   j-­‐th	  spectroscopic	  data	  point,	  and	  σj	  denotes	  the	  variance	  of	  the	  data	  points,	  which	  we	  estimated	  from	  data	  scatter.	  The	  term	  in	  parentheses	  in	  equation	  4.6	  is	  the	  χ2	  value	  for	  each	  spectroscopic	  data	  point.	  The	  sum	  of	  the	  χ2	  values	  was	  then	  used	  to	  find	  the	  overall	  χr2	  value	  for	  each	  spectroscopic,	  equilibrium,	  and	  binding	  parameters.	  	  The	  reduced	  χr2	  –	  value	  is	  1.12,	  which	  indicates	  a	  good	  and	  statistically	  significant	  fit.1	  We	  used	  the	  parameter	  dependencies	  of	  χr2	  and	  visual	  inspections	  of	  the	  fits,	  after	  the	  variation	  of	  fitting	  parameters,	  to	  estimate	  their	  statistical	  uncertainties.	  Since	  our	  error	   estimation	   can	   be	   considered	   conservative,	   the	   actual	   value	  may	   be	   slightly	   higher.	  The	   statistical	   error	  of	   our	   fitting	  parameter	  was	   identified	  as	   the	   region	   in	  which	   the	  χr2	  value	  was	  ≤1.5⋅	  χr2,min=1.55.	  Owing	  to	  non-­‐linearity	  of	  the	  system,	  the	  χr2-­‐functions	  are	  not	  always	  symmetric	  with	  respect	  to	  the	  minima;	  in	  this	  case	  we	  calculated	  an	  average	  of	  the	  asymmetric	  uncertainty.	  Evidently,	  most	  of	   the	   thermodynamic	  parameters	   exhibit	   rather	  modest	  statistical	  errors.	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  While	   the	   obtained	   reduced	   χ2-­‐values	   suggest	   good	   and	   statistically	   reliable	   fitting	   of	   the	  data,	   a	   closer	   inspection	  of	   the	   fits	   to	   the	   fluorescence	  data	   suggests	   some	  minor,	   though	  systematic,	  deviations	  between	  fit	  and	  experimental	  data.	  The	  former	  slightly	  overestimates	  the	   latter	   at	   intermediate,	   and	   slightly	   underestimates	   them	   at	   higher	   cardiolipin	  concentrations;	   one	   might	   interpret	   this	   as	   reflecting	   of	   a	   third	   binding	   process.	   As	  indicated	  previously,	   the	   steady	   increase	  of	   the	   steady	   state	   fluorescence	  anisotropy	  with	  cardiolipin	   concentration	   in	   the	  presence	  of	   salt	   points	   in	   the	   same	  direction.	  However,	   a	  global	   fit	   of	   an	   extended,	   three	   binding	   site	   model,	   while	   reducing	   the	   discrepancies,	  brought	  about	  a	  reduced	  χ2-­‐value	  substantially	  below	  1.	  Such	  fits	  are	  generally	  considered	  statistically	   unreliable.	   The	   respective	  K1	   and	  K2	   values	   emerging	   from	   this	   fit	   were	   only	  modestly	   different;	   with	   overlapping	   statistical	   errors.	   The	   corresponding	   spectroscopic	  parameters	  exhibited	  rather	  large	  correlations.	  	  	  
Error	  Analysis	  of	  the	  fits	  with	  the	  one-­‐site	  binding	  model	  For	   the	   one-­‐site	   binding	   isotherm,	  we	   performed	   a	   detailed	   error	   analysis	   similar	   to	   that	  which	  was	  outlined	   for	   the	  Langmuir	   isotherm.	  First,	  we	  calculated	   the	   reduced	  χ2	  values	  and	  obtained	  2.35,	  1.11	  and	  1.65	   for	   the	  global	   fits	   to	   the	  20%	  CL,	  50%	  CL	  and	  100%	  CL	  dose-­‐response	   data,	   respectively.	   The	   values	   for	   the	   latter	   two	   are	   indicative	   of	   good,	  statistically	  meaningful	  fits.1	  The	  value	  for	  20%	  is	  slightly	  above	  the	  2.0	  threshold.	  It	  would	  have	   been	   possible	   to	   bring	   this	   number	   below	   2,	   had	  we	   used	   the	   optimal	   value	   for	  K0.	  However,	   we	   discovered	   that	   this	   would	   have	   deteriorated	   the	   fitting	   to	   the	   ΔΔε	   dose	  response	  at	  low	  lipid	  and	  high	  NaCl	  concentrations.	  We	  consider	  the	  minimum	  exhibited	  by	  the	   data	   as	   highly	   reproducible	   and	   important,	   and	   it	   therefore	   tolerated	   the	   minor	  numerical	  deterioration	  of	  the	  reduced	  χ-­‐square	  number.	  Next,	  we	  estimated	  the	  statistical	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  uncertainty	   of	   the	   thermodynamic	   parameters	   by	   plotting	   the	   reduced	   χR2	   values	   as	   a	  function	  of	  all	  investigated	  parameters.	  Then	  the	  displacement	  necessary	  to	  obtain	  values	  of	  
χmin2+0.5	  in	  the	  positive	  and	  negative	  direction	  was	  determined,	  and	  the	  average	  of	  the	  two	  displacement	  parameters	  was	  calculated.	  The	  obtained	  errors	  are	  all	  listed	  in	  Table	  4.6.	  For	  the	  intrinsic	  binding	  constants	  K0	  this	  procedure	  did	  not	  work	  for	  the	  value	  obtained	  from	  the	  fits	  to	  the	  dose-­‐response	  data	  measured	  with	  50%	  CL	  liposomes.	  In	  this	  particular	  case,	  we	   found	   the	   χR2	   –curve	   to	   be	   rather	   asymmetric	   with	   a	   very	   low	   slope	   towards	   larger	  parameter	   values.	  Here	  we	   listed	   only	   the	   displacement	   of	   the	   negative	   site	   of	  χmin2.	   This	  behavior	  of	  χR2	  indicates	  that	  the	  reported	  value	  for	  K0	  is	  just	  an	  estimation	  of	  a	  lower	  limit.	  The	  situation	  is	  better	  for	  the	  other	  two	  K0	  values,	  but	  the	  errors	  are	  still	  very	  large.	  From	  a	  statistical	  point	  of	  view,	  kmod	  and	  Kc,high	  are	  the	  best	  parameters	  since	  they	  display	  the	  lowest	  statistical	  error.	  We	  like	  to	  emphasize	  that	  based	  on	  our	  experience,	  our	  strategy	  is	  rather	  conservative	   and	   the	   indicated	   errors	   should	   generally	   be	   considered	   as	   upper	   limit	  estimations.	   Additionally,	   using	   the	   one	   binding	   site	   model	   described	   in	   Chapter	   4,	   our	  fitting	   parameters	   do	   not	   show	   large	   correlations.	   This	   is	   mostly	   due	   to	   the	   imposed	  restrictions.	   While	   our	   data	   could	   also	   be	   fit	   satisfactorily	   by	   adjusting	   the	   fluorescence	  amplitudes	  while	  keeping	  the	  Kc,low	  and	  Kc,high	  constants	  constant,	  we	  did	  not	  consider	  that	  a	  viable	  option	  because	  we	  deliberately	  constructed	  a	  	  model	  that	  is	  based	  on	  the	  assumption	  that	  the	  changes	  in	  fluorescence	  amplitude	  ought	  to	  be	  minimal.	  Therefore,	  all	  changes	  must	  be	  made	  to	  the	  equilibrium	  constants,	  which	  remove	  the	  correlation	  with	  the	  fluorescence	  amplitude.	  This	  restriction	  also	  eliminated	  correlations	  between	  e.g	  Kc,high	  and	  ΔΔε2	  as	  well	  as	  between	  Kc,low	  and	  ΔΔε1.	  Similar	  arguments	  can	  be	  made	  for	  the	  spectroscopic	  parameters	  used	  to	  fit	  the	  polarized	  fluorescence	  data.	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  All	   our	   statistical	   error	   analysis	  was	   performed	   in	  Matlab	  without	   the	   use	   of	   a	   statistical	  package.	  The	  reason	   for	   this	   choice	  was	  predominantly	  due	   to	  numerical	   instabilities.	  For	  both	   models,	   the	   free	   lipid	   and	   protein	   concentrations	   had	   to	   be	   obtained	   by	   numerical	  procedures	  performed	  by	  a	  subroutine	  of	  our	  program.	  We	  identified	  numerical	  instabilities	  particularly	  in	  the	  low	  lipid	  regime,	  which	  would	  have	  severely	  obstructed	  the	  performance	  of	  a	  non-­‐linear	  least	  square	  program.	  Thus	  we	  proceeded	  to	  obtain	  minima	  of	  the	  reduced	  chi-­‐square	   function	   manually,	   as	   mentioned	   earlier.	   We	   also	   determined	   the	   parameter	  dependence	  of	   the	  reduced	  chi-­‐square	   to	  obtain	   information	  regarding	   the	  goodness	  of	   fit	  for	  our	  data	  sets.	  	  (1)	  Hayes,	  William	  L.,	  and	  Robert	  L.	  Winkler.	  Statistics:	  Probability,	   Inference,	  and	  Decision,	  
Volume	  II;	  New	  York:	  Holt,	  Rinehart,	  and	  Winston,	  1970.	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